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RADIOFREQUENCY HEATING OF NANOCLUSTERS AND PARTICLES FOR 
ENZYME ACTIVATION 
 
 Radiofrequency (RF) fields heat magnetic nanoparticles. Applications include 
remote drug delivery and noninvasive cancer therapy. The underlying objective is to 
increase temperatures precisely where desired without heating the surroundings. Before 
our work, the replicable limit of this precision has been in the micrometer range. To 
investigate the lower limit of this concept of local heat, we explored the RF remote 
activation of a thermophilic enzyme, thermolysin, covalently attached to gold coated iron 
oxide nanoparticles (6.1 nm in core diameter). Thermolysin activity was a function of 
applied radiofrequency power, independent of bulk solution temperature. Besides iron 
oxides, many other inorganic nanomaterials have been investigated for RF heating. One 
of the more interesting and controversial material choices is gold nanoparticles, 
primarily investigated for cancer treatment. Early reports of gold nanoparticle heating 
conflated the heating of supporting electrolytes with the heating of nanoparticles.   
Multiple mechanisms were proposed to account for the observed heat of gold 
nanoparticle suspensions. There was no consensus among specialists on how gold 
nanoparticles heat, if they heat at all. To investigate this, a critical review of the RF 
heating of gold nanoparticles field was performed with new experimental results 
presented to elucidate the confounding results. Following this, Au25(SR)18 gold 
nanoclusters were used as a model system to investigate the controversial heating 
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rates reported for gold nanoparticles. For the first time the observed rates were 
explained entirely with a single mechanism:  electrophoretic heating. The success of 
this reconciliation of theory and experiment considered the screened charge of the 
particle in addition to the contribution of the counterions. To enable deconvolution of 
possible contributions to gold nanoparticle heating by cluster decomposition products, 
an investigation of the practical stability of gold nanoclusters was conducted. It was 
found that organo-soluble particles with large ligands possessed over one-month long 
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CHAPTER 1: AN INTRODUCTION TO HEATING NANOMATERIALS IN 
RADIOFREQUENCY FIELDS 
1.1 Synopsis  
The generation of heat through the interaction between nanomaterials and 
electromagnetic fields in the infrared, radio and microwave frequencies has been 
explored for many applications. Heating mechanisms and potential applications vary 
widely depending on the frequency and nanomaterial being used. There is a consensus 
of heating mechanisms in the infrared (IR) and microwave range, and magnetic heating 
in the radiofrequency (RF) range, but observed heating rates of gold particles in RF 
fields remain somewhat mysterious. It also remains to be seen whether regions of local 
heat can be generated around nanoparticles with useful applications. These concepts 
are discussed to provide context for the work that follows. 
1.2 Introduction and history 
The first report of nanoparticles being used to generate heat in radiofrequency 
fields was in 1957 when a team of surgeons lead by Bruce Taylor were able to heat 
lymph tissue samples with 20-100 nm diameter iron-oxide nanoparticles in 1.2 MHz 
fields.1 Since this seminal work, many investigations into different nanomaterials, 
frequencies, and fields have been performed to understand this phenomenon and its  
applications. The most common applications for heating iron-oxide nanoparticles have 
been noninvasive tumor therapy2–7 (i.e., cancer hyperthermia), and remote drug 
delivery.8–10  Cancer hyperthermia is a treatment where heat from nanoparticles induces 
apoptosis in cancer cells, leading to their death. Remote drug delivery is accomplished 
by loosely associating drugs with the ligand layer of a nanoparticle or encapsulating the 
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drug and nanoparticle in a liposome and then heating the particle to release the drug 
payload. The nanoparticles absorb heat from the RF fields as work is being done on the 
particle by the field. There is a strong consensus that magnetic particles absorb energy 
from magnetic fields as the magnetic moment is torqued by the alternating magnetic 
field.2-6,10,11  
 In 2002 a report in Nature by Hamad-Schifferli found that gold particles appeared 
to heat in AC fields and DNA hair pins could be melted with heat from the 
nanoparticles.12 They briefly proposed the heat could be due to induction; the same 
phenomena that causes the heating of bulk metals in RF fields. Subsequently dozens of 
reports of gold nanoparticles heating in RF fields were published, attributing the 
observed heat to numerous possible mechanisms.13–15  Unfortunately there is no 
consensus on how RF fields interact with particles without ferromagnetic ordering to 
produce heat. None of the proposed mechanisms can theoretically account for the 
observed heating rates. In fact, there is much debate in the field about whether gold 
nanoparticles absorb enough energy from RF fields to produce any measurable 
heat.16,17 
1.3 Gold nanoparticle introduction 
In Chapter 2 we present a featured review article that provides thorough 
background for gold particle heating as well as the controversy behind the gold 
nanoparticle heating observations.20 Briefly, there is no consensus on the heating 
mechanism of gold nanoparticles, if they heat at all, or whether they interact with the 
magnetic or electric component of RF fields. In the frequency range used, (13.56MHz -1 
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GHz) salt solutions heat as much or more than gold nanoparticles, confounding the 
interpretation of heating results.20  
1.4 Magnetic particle background 
The most commonly used magnetic nanoparticles, and the ones used in this 
work, are iron-oxide particles known as magnetite (Fe3O4). These particles are a mixed 
oxide composed of Fe(II) and Fe(III) in which the magnetic moments of the unpaired 
electrons in Fe(III) cancel out each other by aligning anti-parallel while the Fe(II) 
electron spins are aligned parallel.18 This combination of parallel and anti-parallel 
ordering results in an overall magnetic moment,known as ferrimagnetism. When 
magnetite particles are smaller than 20 nm in diameter, they consist of a single 
magnetic domain.19 These single domain ferro/ferrimagnetic particles are classified as 
superparamagnetic because in the absence of an externally applied field, they appear 
to have no intrinsic magnetism like simple paramagnetic materials.11,19 The particles do 
have magnetic moments, but thermal energy is enough for the magnetic moment of the 
particle to spontaneously flip back and forth. Superparamagnetic particles are the ideal 
magnetic nanoparticles for biological applications because they do not undergo 
magnetic induced aggregation since the individual magnetic moments are constantly 
flipping back and forth.11 
1.5 Superparamagnetic particle radiofrequency heating 
Superparamagnetic particles heat in radiofrequency fields as the particle’s 
magnetic moment chases the field.11 Briefly, each time the field oscillates back and forth 
the magnetic moments of the particles are torqued and rotate to align with the field and 
minimize potential energy. If the field is oscillating faster than the particle can relax, or 
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re-orient its magnetic moment, then AC hysteresis occurs. Magnetic hysteresis is a 
phenomenon arising from remnant magnetization after an external field has been 
removed (Figure 1.1). Each oscillation results in net work being done on the particle, the 
excess energy is converted to heat. This heating theory was presented by 
Rosensweig11 and is discussed in more detail in section 2.7.1.  
Figure 1.1 AC hysteresis curve. The area of the curve represents the net work done on 
the particle for each cycle of the field. Image from commons.wikipedia.org, 2014. 
 
1.6 Local heating and enzyme activation 
The central concept for local heating experiments is to generate regions of local 
heat in precise areas to induce a measurable effect without increasing the ‘bulk’ solution 
temperature of the surroundings. In 2002, the seminal report of gold heating in 
radiofrequency fields by Hamad-Schifferli introduced the idea of local heat generation.12 
They reported DNA hair pins attached to 1.4 nm gold nanoparticles melting when 
exposed to 1 GHz RF fields. This melting was attributed to increases in local 
temperatures in the immediate vicinity of the nanoparticles because the melting did not 
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occur in the absence of the gold nanoparticles. Despite claims of local heating, the 
temperature of the solution was never measured, so it’s unclear if the bulk solution 
temperature increased. If the bulk solution temperature increased its unclear whether 
the nanoparticles or electrolytes added with the nanoparticles caused the temperature 
increase, which has been shown to be the case for multiple studies.16,17,23   
Since this report more attempts have been made to use local heat from RF fields 
for remote drug delivery9,24–26 and remote enzyme activation.27 Remote enzyme 
activation is the use of nanoparticles to manipulate enzymes through the temperature 
dependence of enzymatic activity. The successful report of remote enzyme activation 
did not combine the remote activation and local heating concepts because the entire 
bulk surroundings were heating. Ideally, an enzyme could be activated remotely through 
the generation of local heat without disturbing or bulk heating the surroundings. This 
could potentially enable the remote control of certain cellular processes without harming 
or disrupting the rest of the cell.  
1.7 Research approach 
In Chapter 2 a feature review article is presented as a critical analysis of the gold 
heating literature along with experimental evidence supporting our conclusions made 
about the gold heating phenomenon. 
 Collins, C. B.; McCoy, R. S.; Ackerson, B. J.; Collins, G. J.; Ackerson, C. 
J. Radiofrequency Heating Pathways for Gold Nanoparticles. Nanoscale 
2014, 6, 8459–8472. 
In Chapter 3 the first report of gold nanoparticle heating results that match calculated 
heating rates is presented. This was accomplished using atomically precise gold 
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nanoclusters and an electrophoretic heating mechanism. The theoretical calculations 
were made by measuring the screened charge of the particle, which is much lower than 
the predicted charge, as well as calculating the contribution of extant counter ions in 
solution.  
 Collins, C. B.; Tofanelli, M. A.; Noblitt, S. D.; Ackerson, C. J. 
Electrophoretic Mechanism of Au25(SR)18 Heating in Radiofrequency 
Fields. J. Phys. Chem. Lett. 2018, 1516–1521. 
In Chapter 4 a study of the solution stability of organosoluble gold nanoclusters is 
presented to determine conditions in which gold nanoclusters should be stored for 
maximum solution stabilit, with large protecting ligands in nonpolar solvents. 
 Collins, C. B.; Tofanelli, M. A.; Crook, M. F.; Phillips, B. D.; Ackerson, C. J. 
Practical Stability of Au25(SR)18−1/0/+1. RSC Adv. 2017, 7, 45061–45065. 
In Chapter 5, a study of gold coated iron-oxide nanoparticles, used to RF heat a 
covalently attached enzyme (thermolysin), is presented. In this work we are able to 
induce protease activity in bulk solution temperatures in which the enzyme is not 
normally active, successfully demonstrating the concept of remote activation of 
enzymes with local heat.  
 Collins, C. B.; Ackerson, C. J. Radiofrequency Remote Control of 
Thermolysin. Manuscript in progress  
1.8 Future of gold nanoparticle RF heating 
We have successfully explained the observed heating trends of gold 
nanoparticles, but unfortunately these heating rates are very modest compared to salt 
ions with much larger charge to volume ratios. The exception to this may be ultra small 
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gold clusters such as Au25 because they can achieve a much higher charge to volume 
ratio than larger gold clusters/nanoparticles. These clusters have a higher charge to 
volume ratio and serve as an excellent model system for calculations due to their atomic 
precision. Unfortunately, the hydrodynamic diameter increases greatly resulting in a 
drastic decrease of the charge-to-volume ratio as soon as they are attached to a 
heating target, or coated with a protein corona. This reduces the large charge-to-volume 
ratio necessary for heating via an electrophoretic mechanism.  Studies suggest 
superparamagnetic particles are much better suited for radiofrequency heating 
experiments, so we switched to using magnetite (Fe3O4) particles for enzyme activation 
experiments. 
1.9 Future of remote enzyme activation 
 While we, and another group28 have now successfully shown remote enzyme 
activation with local heat from nanoparticles, the activity increase is relatively modest 
compared to the optimal activity of the enzyme. We have reached the limit of our current 
heating system. But in the future, we can tune the heat production of the particle and 
distance between the particle and the enzyme target to increase the activity. With these 
advances we are getting closer to the enticing end goal of remotely controlling cellular 
processes as a noninvasive tool for learning about cellular processes without disrupting 
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CHAPTER 2: RADIOFREQUENCY HEATING PATHWAYS FOR GOLD 
NANOPARTICLES 
2.1 Synopsis 
While applications in biology motivated initial investigation of RF heating of gold 
nanoparticles, recent controversy concerning whether thermal effects can be attributed 
to nanoscopic gold highlight the need to understand the mechanism or mechanisms of 
heating.  Both the nature of the particle and the nature of the RF field influence heating.  
Aspects of nanoparticle chemistry and physics, including the hydrodynamic diameter of 
the particle, the oxidation state and related magnetism of the core, and the chemical 
nature of the ligand shell may all strongly influence to what extent a nanoparticle heats 
in an RF.  Aspects of RF include: power, frequency and antenna designs that 
emphasize relative strength of magnetic or electric fields, and influence the extent to 
which a gold nanoparticle heats in RF.  These nanoparticle and RF properties are 
analyzed in the context of three heating mechanisms proposed to explain gold 
nanoparticle heating in RF.  This article also makes a critical analysis of the existing 
literature in the context of the nanoparticle preparations, RF structure, and suggested 
mechanisms in previously reported experiments. 
2.2  Introduction 
The interaction of electromagnetic radiation with metal nanoparticles is presently 
explored for a wide range of applications, such as hyperthermal therapy,1 catalysis,2,3 
biomedical contrast,4,5 and waste treatment.6 Nearly every region of the electromagnetic 
spectrum is examined (figure 2.1), with some spectral selectivity conferred by particle 
size and morphology.   
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 The heating of metal nanoparticles in electromagnetic radiation is investigated 
with both infrared radiation and radio-frequency / microwave radiation.  Nanoparticle-
localized heat is used in the nascent field of remote-control biology.7 Visible and infrared 
light can excite surface plasmon resonance in gold nanoparticles, provoking 
photothermal heating through well understood mechanisms.8,9  In the case of 
radiofrequency and microwave irradiation of metal nanoparticles, mechanisms of 
heating are poorly understood.  In fact, several reports question both experimentally10-12 
and theoretically11,13 whether metal nanoparticles heat in RF or microwave radiation at 
all. 
Figure 2.1. Nanoscopic gold and interactions with the electromagnetic spectrum. 
Radiofrequency is especially desirable in many downstream applications 
because it penetrates through most non-conductive materials.  This property is of 
course the basis for wireless communication.   
 Mechanistic insight may allow for more effective heating by revealing the effects 
of AuNP properties such as size, shape, oxidation state, and magnetic moment, as well 
as RF characteristics, including relative emphasis of electric (E-field) or magnetic (B-
field), field strength, and chosen frequency. 
 The literature on heating of AuNPs with RF contains experiments with 
dramatically different RF and nanoparticle properties. In terms of nanoparticles, 
spherical diameters used range from 1.4nm to 100nm, a size regime over which size- 
dependent physical chemistry evolves markedly.  In terms of RF, investigations include 
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RF that emphasizes E-field, RF that emphasizes B-field, and frequencies that range 
from kHz to GHz.  While the higher frequencies used in this literature are technically 
microwave frequency, we will use RF as a shorthand in this review to encompass 
experiments done with both RF and microwave frequency radiation. 
 In this article we distil this complex and contradictory literature into a set of 
plausible heating mechanisms, and reinterpret much of the historical literature that 
invoked mechanisms that are now apparently discarded by researchers active in the 
field.  We first make a brief overview of the history of the field, then review tunable RF 
field characteristics and AuNP properties.  Then we synthesize this literature, presenting 
mechanisms and a unified set of mechanistic predictions in terms of particle size and 
RF nature. Finally, we present a critical analysis of the literature in which we reinterpret 
some older papers in terms of presently accepted mechanisms. 
2.2.1 The History of AuNP Heating in RF Fields 
 Investigation of AuNP heating in RF initially proceeded along two independent 
lines of research, both of which initially emphasized biological application over 
mechanistic understanding.  The earlier line of research aimed to thermally manipulate 
molecules with nano-localized heat.14,15 The later line of research focused on 
hyperthermal therapy of cancer.16,17 These two independent lines of research differed 
initially in two important aspects:  first, in the size (and therefore underlying physical 
chemistry) of gold nanoparticle used, and second, in the nature of the radiofrequency 
used (in terms of power, frequency and antenna design.)  A unified literature emerged 
recently, where attempts to integrate the phenomena across a wide range of 
experimental approaches are made.11-13,18,19     
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 The first report of gold nanoparticles heating in a radiofrequency field came from 
a group led by a chemist in the MIT Media Lab. 14 In this landmark work, a 1.4nm 
diameter commercial Nanogold™ particle in a 0.4 W 1GHz solenoid generated 
radiofrequency magnetic (RFMF) field generated localized heat sufficient to melt a 
covalently attached stretch of hairpin DNA (whose melting temperature was ~35oC) 
without, apparently, heating the surrounding solution (Figure 2.2). An inductive or Joule-
type mechanism of heating, with some theoretical support, was postulated to explain the 
heat. The Joule-type heating arises from inductive coupling, from the applied magnetic 
field to the metal cluster.  This results in creation of eddy currents in the metal cluster, 
via Faraday induction.  The phenomenon is well understood for macroscopic systems, 
such as transformer or inductor core materials.  
Figure 2.2. Absorbance at 260 nm (e260) of a solution of M in RFMF (squares). 
Arrows indicate when the RFMF is on/off. Circles, response of N (no 
nanocrystals) in RFMF. Gold nanocrystals also show an absorbance increase 
under RFMF, qualitatively attributed to the change in the optical absorption due to 
eddy currents. However, the absorbance increases nearly uniformly over 
200±300 nm with RFMF and is small relative to the oligo change in absorbance.  
Reproduced from reference 14. 
 Experimental follow ups by the authors of this paper are minimal.20 Other direct 
experimental follow ups that cited this initial report used substantially different 
experimental conditions,15,21,22 as discussed below.  
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 In a set of studies that did not cite initial study of RF interacting with 
nanoparticles,16,17,23 groups lead by surgeons began investigating the heating of 
nanomaterials including metal nanoparticles under RF irradiation for the destruction of 
cancer.  RF ablation is used in clinical practice to treat tumors, and academic surgeons 
familiar with the technique began publishing experiments on the thermal properties of 
gold nanoparticles in the presence of RF irradiated cells.16,17,23   These initial papers 
focused on killing cancer cells in cell culture and animal cancer models and made use 
of the so-called “Kanzius Machine” (Therm-Med LLC, Erie, PA).24  The Kanzius Machine 
generates a capacitively coupled radiofrequency electric field at 13.56 MHz, and is 
generally operated at higher power output (up to 1000W.) Figure 2.3 shows an example 
of the destruction of cultured model cancer cells with RF irradiated gold nanoparticles in 
the first paper reporting this method.  All experiments so far reported with the Kanzius 
machine utilize AuNPs in the 5 – 100 nm diameter regime.  While initial reports did not 
make in-depth investigation of the mechanism for AuNP heating, a subsequent report 
postulated a Joule-type mechanism of heating,25 similar to the mechanism suggested in 




Figure 2.3.  In vitro cell culture demonstrates effective heating and cell death with 
Au-NP treated cells in the RF field. A, Temperature of HepG2 cells exposed to 35 
W in the RF field in the presence (squares) or absence (diamonds) of Au-NP over 
a time course. Results reported are the average of 3 separate experiments. B, 
Percent cell death as assessed by LDH assay of HepG2 cells exposed to 35 W in 
the RF field for 3, 5 or 7 minutes in the presence (black) or absence (white) of 
Au-NP. Results reported are the average of 3 separate experiments. C, Western 
blot for b-actin on the supernatants of HepG2 cells exposed to 35 W in the RF field in 
the presence or absence of Au- NP for 5 or 7 minutes. Reproduced with permission 
from reference 16.   
 Most successive reports of AuNP heating in RF build directly on either the 
Hamad-Schifferli report14 or use the Kanzius machine. Although a unified literature that 
attempts to rationalize both experimental starting points has emerged, we suggest (vide 
infra) that these are potentially different experiments.  Technically, they differ in both the 
nature of the RF and the nature of the gold nanoparticles used.  In terms of RF, they are 
using different RF antenna designs, dramatically different frequencies, and markedly 
different applied power.  These lines of research also use different sizes of inorganic 
gold nanoparticles.  All of these experimental modifications may be important in the 
interpretation of the work (vide infra).  Despite all these differences in experimental 
setup, Joule-type nanoparticle heating was proposed in each case.  
 The validity of Joule-type heating of metal nanoparticles in RF is questioned on 
both experimental10-12,26 and theoretical13 grounds.  One study attributes the observed 
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heating to Joule-type heating not of nanoparticles, but of surrounding electrolytes, 
based on the observation that when particles are dissolved in rigorously deionized 
water, little to no heat is observed.12 Other experimental studies conclude that the 
amount of nanoparticle-attributed thermal dissipation reported could not be 
reproduced.10,11,26 Theoretically, Joule-heating is difficult to reconcile with nanoparticles 
of the size used in these experiments.13 
 Two novel mechanisms for nanoparticle heating in RF emerged after the reports 
disputing the possibility of Joule-type heating.  Two groups show both experimentally 
and theoretically that an electrophoretic mechanism can account for heat attributable to 
nanoparticles.27,28 This mechanism becomes prominent when for nanoparticles 10nm in 
diameter or smaller.27   We also recently found that an unexpected magnetic 
mechanism can account for heating of sub 2 nanometer diameter nanoparticles.19 
Furthermore, the question of the role of salts in heating is complicated by recent reports.  
Some reports suggest that dissolved salts enhance the heat that is attributable to 
nanoparticles.19,28,29   In addition, a recent report highlighted that the shape of a vessel 
that holds the nanoparticles in an RF field is a critical and previously unrecognized 
component in whether heat attributable to particles is observed.30   The interest and 
importance of some of these previously unrecognized experimental aspects was 
highlighted in a Science perspective.18   
 Thus, the history of gold nanoparticles heating in RF is one in which technically 
quite different experiments produced results that were attributed to the same underlying 
phenomenon—joule heating. Today, Joule heating as a mechanism for heating is 
essentially dismissed, even by research groups that previously attributed their heating 
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to that mechanism.27   It is now also questionable whether any spherical AuNP larger 
than 10nm does heat in RF.  As a not-very-unified field of inquiry, current interest lies in 
deciphering which mechanisms produce heating under different experimental 
conditions, as well as elucidating the role of salt solutions.  
 The area of study, as it has emerged, is highly interdisciplinary, with groups lead 
by disciplinary chemists, 19,20 surgeons,16,17 electrical engineers,31 and physicists10 all 
making contributions, often in multidisciplinary teams.  Straightforward comparison of 
results reported by different groups is confounded by different RF properties, different 
particle formulations, and different reporting rubrics for disclosing how much heat 
dissipation is attributable to nanoparticles.   
 To enable a critical analysis of the heating of metal nanoparticles in RF, we 
review nanoparticle structure and RF, focusing especially on the aspects of nanoparticle 
structure that may contribute to heating in RF.  Following this introduction to the 
components in the system, we will summarize each of the mechanisms hypothesized to 
date that contribute to heating.  After reviewing these components of the phenomenon, 
we make a critical analysis of the field as it stands and its prospects in the future. 
2.3 The Mystery of Hot Gold Nanoparticles in RF 
 A debate is open regarding whether gold nanoparticles heat in an RF at all, and if 
AuNPs do heat in an RF, what is the mechanism?  There are three mechanisms 
proposed in the current literature:  Joule or inductive heating, magnetic heating and 
electrophoretic heating.   Each mechanism has a strong dependence on the frequency 
of the applied RF and the diameter of the nanoparticle.  Which mechanisms dominate 
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heating may depend on the exact experimental setup, with parameters of the RF field 
character and nanoparticle formulation both playing a role.  
Figure 2.4. Illustration of the core and organic ligand shell of Au102(SR)44 
nanocluster.  The properties that are enumerated as belonging to the core or the 
ligand shell are generalizable to other sizes.  Each of the enumerated properties 
may affect heating under one or more of the mechanistic considerations. 
2.4 Physical Properties of Gold Nanoparticles 
 The early literature on RF heating of AuNPs assumes that very small pieces of 
gold (with diameters between 1 – 100 nm) behave as bulk gold.14,25 This possibly 
erroneous assumption motivated the original hypotheses of induction heating. Research 
on the size-dependent physical properties of AuNPs reveals profound physical insights 
into the size and morphology dependent evolution of physical properties. In the 1-3 nm 
diameter size range, even the exact number of gold atoms and electrons strongly 
effects stability,32-34 electronic and optical properties,35-37 and magnetism.38,39   
 Many of these properties, including molecular vs metallic behavior, magnetic 
behavior and net charge may strongly influence interactions with RF.  To fully account 
for gold nanoparticle interaction with RF fields, we enumerate the properties of 
nanoscopic gold that may allow interaction with the RF field under each mechanistic 
consideration.  Figure 2.4 shows the chemical construction of a gold nanoparticle as an 
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inorganic core and a ligand shell.  As we will show below, the nature of both the organic 
and inorganic parts play a role in the mechanism of gold nanoparticle heating in RF. 
Structure.  All of the AuNPs used in RF interaction studies are protected by an organic 
shell, which stabilizes the AuNPs against aggregation and sintering and solubilizes 
AuNPs in solvents.  The organic ligands that stabilize the clusters used in reported 
studies are organophosphines, organothiolates, citrate, or proprietary commercial 
ligands of unknown composition.  These ligands are generally present early in the 
synthesis and both control the size of the resulting particle and stabilize the particle 
against reversible or irreversible aggregation and sintering.   
Ligand Shell. The ligand shell encodes two properties of potential importance for RF 
heating mechanisms: charge and thickness.  Water-soluble AuNPs used universally in 
RF studies so far have carboxylic acid terminated ligand shells, conveying (ionic) 
charge and charge density to AuNPs.  The interaction of this negatively charged ligand 
shell with RF is suggested as important in electrophoretic heating.27,28 The other 
property of the ligand shell of potential importance is the “monolayer thickness” of the 
ligand shell, which plays a key role in the electrochemical properties of clusters,35,37,40 
as well as influencing hydrodynamic diameter. As discussed below, electrochemical 
properties and paramagnetism are tightly linked.  
Inorganic Core.  The range of sizes of spherical AuNPs that are studied for RF heating 
lie on the ‘molecular to metallic continuum’, meaning that the physical chemistry of the 
smaller particles tested for RF heating is very different than that of the larger particles 
tested for RF heating.  The particle size at which transition from molecular-to-bulk or 
metallic like behavior is not discrete, and depends on which properties are considered.  
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Properties that evolve dramatically in this size regime include electrochemical,35 optical 
(notably plasmon emergence) and collapse of the HOMO-LUMO gap,41 and mechanism 
of stabilization.32 
 Mechanism of stabilization for metal nanoclusters is understood as either 
electronic or geometric, where electronic stabilization is favored for smaller nanoclusters 
and geometric stabilization for larger.34   In the case of ligand protected gold, 
Au11(PPh3)7Cl3, Au25(SR)38, Au38(SR)24, Au39(PPh)14Cl6-,  Au102(SR)44 among others are 
understood as electronically stabilized, as substantiated by generally low symmetry and 
conformance to electron counting rules.32  For the larger clusters Au144(SR)60, 
Au333(SR)~80 and Au~530(SR)~100, 42-44 structures are not yet available and the role of 
superatom orbitals is not fully defined.  For instance, in the case of Au144 and Au333, 
geometrically perfect models are proposed,42,44 and yet evidence in each case for 
presence of superatom-type orbitals persists. 42,45  
Electronically Stabilized (Superatom) Nanoclusters.  The ‘superatom’ concept is 
useful in explaining both what is meant by ‘electronic stabilization’ as well as some of 
the stability, reactivity, and magnetic properties of electronically stabilized clusters.  To 
make the simplest explanation of the superatom concept, recall that the total filling of 
electron shells in atoms results in the well-known noble gas stability. Thus, the total 
filling of 1s | 2s 2p | 3s 3p | 3d 4s 4p| electron shells implies a ‘magic number of 
electrons’ for noble-gas-like stability of 2, 10, 18, 36, …   For metal clusters in the gas 
phase, which may be in the simplest case considered as a collection of positive charged 
nuclei in an approximately spherical shape, interacting with electrons, the accepted 
(simple) treatment is the Schrodinger equation solved for a spherically symmetric 
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square-well potential.  This gives the electron orbitals 1S | 1P | 1D | 2S | 1F | 2P 1G | 
etc, giving magic numbers of electrons of 2, 8, 18, 20, 34, 40, 58, to arrive at clusters of 
special stability.32,34,46   
 Superatom stabilization concepts were first adapted for gold nanoclusters 
(ligated by phosphines and thiolates) in 2008, following the crystal structure of Au102-
SR44.32,47  The atomic structures enabled DFT calculations that showed that the 
relatively simple predictions of the superatom model are confirmed by all-electron DFT 
calculations which reveal that the frontier orbitals of Au102(SR)44, Au39(PR3)14X6-, 
Au13(PR3)10X23+, and Au11(PR3)7X3  have dominant angular momentum character and 
degeneracy predicted by simple application of the superatom theory.  Later work 
showed the success of superatom theory in predicting the stability of other 
crystallographically resolved gold clusters.48-50 
 So far, superatom theory is used primarily to explain the special stability of 
apparently stable clusters, as resulting from a noble-gas-like superatom electron 
configuration.  The effects of ‘open shell’ electron configurations are only recently 
beginning to be investigated explicitly.  The “superatom electron configuration” of a gold 
nanocluster can be modified through well-established electrochemical methods.33,35 
These modifications can influence magnetism of AuNPs. 
Larger Nanoparticles.  The practical preparation of well defined (in terms of molecular 
formula and atomistic structure) nanoparticles larger than Au~530(SR)~100  (approximately 
2.5 nm inorganic diameter) is the current frontier of research.  There is some debate 
about the isolability of exactly defined particles larger than the currently identified upper 
limit, as the energetic differences between ‘highly stable’ numbers of atoms and less 
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stable numbers of atoms become small.  In this ‘metallic materials regime’ the inorganic 
portion of nanoparticles are characterized in terms of size (usually diameter for 
spherical particles) and dispersity, where a commonly used definition of ‘monodisperse’ 
allows for 10% standard deviation in a collection of particle diameter measurements.  
There is little evidence for superatomic orbitals in particles larger than 2.5nm diameter.  
Such electronic structure is now well established for particles 1.5nm in inorganic 
diameter (i.e., Au102(SR)44) and smaller. 
2.5 Magnetism in Gold Nanoparticles    
Magnetism in AuNPs is of importance for AuNP heating in RF, since the 
magnetic moments of the cluster may interact with the magnetic portion of the applied 
RF field to produce heat.  However, magnetism in gold nanoparticles is poorly 
understood, with the literature rife with results that are not repeatable across other labs 
or even within the same lab, as highlighted in a recent review.38  
 The oxidation state dependence of paramagnetism, however, is increasingly well 
established in the case of Au25(SR)18.  In this case, the majority of magnetism measured 
can be attributed to the superatom nature of these small clusters.  
 From a superatom perspective, Au25(SR)18-, which is the most stable redox state 
of the cluster,32,33 is an 8e- system, corresponding to the total filling of the 1S and 1P 
superatom orbitals.  Multiple reports now use EPR, SQUID and redox chemistry to 
compare the anionic and neutral forms of Au25(SR)18x (where x= -1, 0 and +1) and these 
reports conclude universally that the anion is diamagnetic and the neutral compound 




 The picture is somewhat murky for the Au25(SR)18+ cluster.  Naïve superatom 
theory predicts a triplet spin state for the Au25(SR)18+ compound, but the cluster may 
also distort to adopt an singlet state.  Experimentally both paramagnetic and 
diamagnetic Au25(SR)18+ have been reported.52,53 Thus, it is not perfectly clear if the 
assumptions of naïve superatom theory hold with regard to spin multiplicity of highly 
oxidized species.   Our results for Au102 suggest the latter possibility, namely that spin 
multiplicity of superatoms might increase until the orbital is ½ filled.19 However, this area 
of research is not settled science.  The role of the ligand shell in enforcing core 
symmetry, underlying flexibility of the gold core allowing Jahn-Teller like distortions, and 
instability of clusters charged to large charge states may all contribute to the effect of 
oxidation on magnetism. 
2.6 Radio Frequency Field Background  
RF is nominally electromagnetic radiation with frequencies between 1/2 MHz to 
500 MHz. Above 500 MHz frequency is the beginning of the microwave region. The 
behavior of macroscopic pieces of metal (conductors) in RF circuits acting as loads is 
well understood and can be robustly modeled. But parasitic elements must be 
incorporated in models to account for capacitive coupling. Nevertheless, there remains, 
a substantial element of ‘art’ in RF circuit modelling. In short, quantitative models vary 
with metal cluster environments and changing parasitic components in the RF model of 
the loads circuit. 
 Three primary characteristics of an RF field determine the thermal dissipation of 
a ‘piece of metal’ in the near field: (1) The applied frequency of the RF fields (usually 
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reported in Hz); (2) The magnetic or electric emphasis of the field (determined by the 
inductive or capacitive antenna design), and (3) the maximum power of the RF field.  
  The behavior of nanoscopic pieces of metal in both near fields (where RF B fields 
dominate) and far RF fields (where B and E fields both play roles) remains poorly 
understood. There is presently not sufficient data in the literature to enable improved 
understanding. We aim to address by calorimetric means of quantifying heat adsorption 
versus location from the antenna and from frequency variations of the RF field.  The 
present literature contains sparse systematic investigation of field composition (B- vs E-) 
and gleaned not from a single report but by comparing multiple reports.  The effect of 
RF frequency on thermal dissipation is studied theoretically,13,27 but there are no 
experimental reports of frequency dependence effects. 
2.7 Mechanisms that Contribute to AuNP Heating in RF 
There are three mechanisms discussed in the literature for heating of AuNPs in 
RF.  Here we review each mechanism, and how it quantitatively interacts with the 
particles.  We also synthesize a comparison of how the expected thermal dissipation of 
each heating mechanism pathway changes as either frequency or particle size change.   
2.7.1 Magnetic Heating 
 Magnetic heating is relevant in the case of gold nanoparticles because tailored 
gold nanoparticles can be magnetic.19,38,39 For the magnetic moment of a nanocluster to 
interact with an external alternating magnetic field to produce heat, two mechanisms 
may be considered.  One mechanism, Brownian or viscous heating, assumes that the 
entire magnetic particle rotates to follow the directed and time varying alternating 
magnetic field (RFMF).54 The resulting viscous friction between the particle and the 
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supporting solvent manifests as heat.  The other mechanism considered, Néel 
relaxation,55,56 occurs in media where the magnetic moment of the particle realigning 
with the magnetic field occurs without the particle rotating.  Both mechanisms produce 
heat, but the fastest mechanism of relaxation dominates.54  
 The Brownian power dissipation (P) of a suspension of magnetic particles 
rotating in response to a magnetic field depends on several experimental variables.  
These include the size or volume of the individual particles, the concentration of the 
particles in solution (i.e., volume fraction), how magnetic the particles are, the 
magnitude of the magnetic field, the viscosity of the solvent, and the frequency of the 
RF.   
 The interaction of each of these experimental variables as they relate to power 
absorption (and subsequent generation of heat) was quantified theoretically by 

















 .  Here V is the particle volume, Md the particle 
magnetization, η the dynamic shear viscosity of the solvent, kBT is the thermal energy, 
B is the magnetic field, φ is the volume fraction of the particles, and ω is the angular 
frequency which depends on the frequency of applied RF.  
 In contrast to Brownian dissipation of power, Néel dissipation does not depend 
on solvent viscosity, since Néel relaxation occurs in a stationary particle.  The Néel 
relaxation times depend on the ability of the magnetic moment of the particle to rotate 
within a fixed particle. These times are described by the following equation: 
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                                                                   (2.2) 
Where 𝜏0 is the attempt time (~10
-9 s), K is the anisotropy energy density and V is the 
magnetic volume.54 Here the magnetic volume is used because it’s assumed that the 
majority of the magnetic response comes from the core with little contribution from the 
presumably diamagnetic ligands.  
 Since the Brownian and Néel relaxation processes happen in parallel, Néel 
relaxations can be included in equation (1) by taking the harmonic average of the two 









                                                       (2.3) 
This gives a better approximation of heating rates from equation (2.1), but also requires 
more involved calculations with approximations of the size-dependent anisotropy 
constant, and the attempt time.  Therefore, we do not include Néel relaxations in our 
current models.  
 The fact that the relaxation mechanisms depend on different factors may allow 
for investigation of the heat produced by changing the relaxation times. The viscosity of 
the solvent is varied by changing the Brownian relaxation time. Many studies 
investigating the relationships between the relaxation times and heat generation for 
macroscopic size superparamagnetic iron-oxide particles have been conducted over the 
past few decades.57 We can tailor the Brownian relaxation time of our nanosize particles 
by changing the ligand coating, which impacts the hydrodynamic volume. The Néel 





2.7.2 Electrophoretic Heating   
Most soluble AuNPs incorporate a net ionic charge, which depends on both the 
charge of the inorganic core and the charge of the ligands that passivate the particles 
against sintering.  Commercially produced and water-soluble laboratory syntheses 
generally produce particles with a net negative charge.  Charged particles migrate in an 
applied electric field toward their complementary charge.  In an alternating electric field, 
charged particles will follow the alternating electric field.  The absorption of power 
because of this electrophoretic movement is described by the dielectric constant.  The 
dielectric constant has real and imaginary components, with the imaginary component 
containing any variables affected by experimental parameters.  The imaginary 















  and 𝛽 = 6𝜋𝜂𝑎. Here q is the particle charge, η the dynamic shear 
viscosity of the solvent, E is the electric field strength, ρ is the particle density, φ is the 
volume fraction of the particles, and a is the radius of the particle.  As in magnetic 
heating, this mechanism depends on variables that we can test experimentally, 
including AuNP net charge, AuNP particle density, AuNP volume fraction (modifiable 
through size of ligand shell), and frequency.  
2.7.3 Inductive (or Joule) Heating 
Several early papers attribute gold nanoparticle heating in RF to Joule-type or 
inductive mechanisms.14,15,25. However, the tiny area that nanoclusters present to the 
applied magnetic field attenuates such eddy current effects. 
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 The frequency dependence of inductive power absorption by a suspension of 












((𝜏4 + 𝜒2 − 𝜏2𝜒2)𝑐𝑜𝑠[√2𝜏] − (𝜏4 + 𝜒2 + 𝜏2𝜒2)𝑐𝑜𝑠ℎ[√2𝜏] + √2𝜏𝜒 ((𝜏2 + 𝜒)𝑠𝑖𝑛[√2𝜏] + (−𝜏2 + 𝜒)𝑠𝑖𝑛ℎ[√2𝜏]))
                 (2.5) 
where𝜏 = 𝑎√𝜇𝜎𝜔 and 𝜒 =
𝜇
𝜇𝑜
− 1.  Here a is the particle diameter, σ the particle 
conductivity, μ the particle permeability, μ0 the permeability of the solvent, ω the angular 
frequency, Φ the particle volume fraction and B the magnetic field strength. As 
highlighted by Hanson13 and Sassaroli28, we also calculate that direct inductive heating 
proves much too small to rationalize the thermal dissipation for the size of particles used 
in the literature, even when plasmon and surface roughness are considered.   
2.7.4 Comparative Modeling of Potential Heating Mechanisms   
The main goal of the modeling exercise was to determine if different heating 
mechanisms should be experimentally distinguishable.  To compare how the heating 
rate that results from each considered mechanism changes as a function of 
experimental parameters, we modeled the mechanistic dependencies on both 
nanoparticle size and frequency of RF (fRF).  We used Mathematica to model the 
expected heating rate of each mechanism based on equations 2.1, 2.4 and 2.5 above.  
Due to the magnitude of this modeling exercise, we made some simplifications that are 
not perfectly realistic in the experimental case, as detailed below.  We also did not 
include Néel relaxation (equation 2.2) in the present exercise, although it is almost 
certainly important.  
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 Figure 2.5 shows expected heating rate as a function of particle radius for the 
three mechanisms represented by equations 2.1, 2.4 and 2.5.  The Y axis of heating 
rate is given as units of power (Watts) normalized by B2, m3 and Φ. This normalization is 
necessary so that heating rates can be compared without imposing explicit B-field and 
volume fraction values.   
Figure 2.5.  The plots of predicted heating in  
𝑊
𝐵2𝑚3𝜙
 vs particle radius (in meters) 
at 13.56 MHz for induction (solid line, equation (2.5)), superatom (large dash, 
magnetic heating from equation (2.1)), ferromagnetic (dash-dot, magnetic heating from 
equation (2.1)) particles, and electrophoretic (dot, from equation (2.4)).   The 
electrophoretic dissipation is normalized by f E2 and scaled to fit on this. 
 The heating dependencies in this figure are varied only with AuNP diameter.  
Thus, the falloff in heat dissipation for the electrophoretic and magnetic mechanisms is 
accounted for partially by the effective dilution of a fixed amount of charge or unpaired 
spin over a larger and larger volume. Figure 2.6 shows the expected heating rate as a 
function of the fRF for the three mechanisms represented by equations 2.1, 2.4 and 2.5.  
The Y axis in figure 2.6 is the same as in figure 2.5.  For the inductive mechanism that 
drove initial work14,25 heat varies with fRF squared. In the electrophoretic mechanism27,28 
heating saturates and then falls off with varying fRF.  In the Brownian relaxation 
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(magnetic) mechanism highlighted in our recent work19, we model a sublinear 
dependence on fRF.   
Figure 2.6. The plots of heating in 
𝑊
𝐵2𝑚3𝜙
 vs frequency in Hz for 1.5 nm gold particles 
for induction (solid line, equation (2.5)), superatom (large dash, magnetic heating from 
equation (2.1)), ferromagnetic (dash-dot, magnetic heating equation (2.1)) particles, and 
electrophoretic (dot, from equation (2.4)). The simple electrophoretic model shows the 
effect of inertia reducing the loss at high frequency. 
 In figures 2.5 and 2.6 we considered two cases for the magnetic heating of 
equation (2.1) The heating of a ‘superatom’ and the heating of an ultra-small 
paramagnetic iron oxide (USPIO) of the same radius.  The ‘superatom’ heating 
assumes the best-possible case for a superatom—that of a ½ filled G orbital in 
Au102(SR)44, giving 9 unpaired electrons.  An USPIO of the same radius has less 
magnetization- and therefore typically less magnetic heating-- because the electron 
spins in magnetic iron oxides smaller than 3nm are typically not well ordered.59 
  Thus, the mechanisms should be experimentally distinguishable, and we expect 
that a unified picture of AuNP heating in RF may emerge that combines contributions 
from each mechanism or perhaps presently unconsidered mechanisms.  To our 
knowledge, figures 2.5 and 2.6 contain the first simultaneous examination of frequency 
and nanoparticle size dependence of these mechanisms. 
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2.8 Heating of Salt Solutions   
Joule-type heating of saline solutions is well known to occur.  In this literature, it 
is shown that multiple antenna designs are capable of heating simple saline solutions at 
13.56MHz, 12,19 presumably through Joule-type heating.  Some reports that dismiss RF 
heating of AuNPs, suggest that all of heating previously attributed to gold nanoparticles 
can instead be attributed to joule-type heating of saline.12,13   
 The role of salts in particle heating may be the most unresolved aspect of 
thermal dissipation by gold nanoparticles in RF. Given the presence of relatively high 
concentrations of dissolved salts in biological tissues, and the interest in using this 
approach in biological systems, elucidating the role of dissolved salts in RF heating with 
and without nanoparticles is of high importance.  
 To date, biological applications drive the majority of research into RF heating of 
gold nanoclusters.  In these applications a complex background that necessarily 
contains salts is present.  Understanding of how that complex background affects salt-
based heating is a missing link in this literature. 
 Other investigations suggest experimentally or theoretically that dissolved salts 
enhance heat transfer from the RF field to the gold nanoparticles.19,28,29. One study 
assesses several mechanisms of heating and concludes that most likely heat 
generation is due to concentration of the electric field at the surface of a nanoparticle.29 
Therefore, the removal of ions and thus the conducting medium diminishes this 
mechanism.  We also previously suggested a cooperative effect between saline and 
nanoparticles.  Specifically, we observed upon exposure to RF, solutions of 
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nanoparticles + salt produce notably more heat than either species alone.19 A study of 
electrophoretic heating mechanisms also supports cooperative effects for salts.28 
 In salt-containing systems more complex than saline solutions, several reports 
show nanoparticle dependent tumor treatment in a complex biological background. 16,60 
Background heating of physiological saline is not noted and would be catastrophic if it 
occurred.  
 We show here explicitly that the heating of salts in setups that minimize ion-
mobility, such as biological tissues may be minimal, even while the heating of salts in 
simple saline solutions is significant. We show this for both a large molecule (a 
dendrimer), and a biological tissue model. 
 PAMAM dendrimers are large simple molecules with a number of carboxylic acid 
groups that doubles with each “generation.”61 We hypothesized that we could 
interrogate the effect of free ions in this system by comparing the response of 
equivalent number of ions as either “free” simple ions or large polyionic molecules.  In 
our experiments, we used a generation 3 dendrimer with 23+2 = 32 carboxylic acid 
functional groups and a molecular weight of 6909 g/mol.  When dissolved at a 
concentration of 140 µM, the concentration of ions is equivalent to free ions at 4.4 mM.  
We compared the heating response of such a 140 µM solution of a generation 3 
PAMAM dendrimer (dialyzed against NH4OH) to the heating of a 4.4 mM solution of 
NH4OH.  The results of this comparison are shown in Figure 2.7.  The macromolecular 
nature of the counter ion in the dendrimer appears to substantially suppress heating 
compared to the ‘free ion’ case.  We showed similar heating of ‘free ions’ in a previous 
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report.19  This suggests that the ions must be freely diffusing in order to contribute 
maximally to salt based heating.  
Figure 2.7.  Left panel shows the time dependent thermal response of a solution 
containing PAMAM dendrimer (squares) and another solution containing an 
equivalent number of ammonium hydroxide ions (triangles).  In the PAMAN 
solution the dendrimer concentration is 140 µM, thus the concentration of 
carboxylic acid groups is 4.4 mM and in the other solution total concentration of 
free ammonium ions is 4.4 mM. The heating of this solution is compared to the 
heating of a 4.4 mM solution of ammonium hydroxide. The right panel shows a 
Lewis diagram of the dendrimer used in this experiment.     
The PAMAM dendrimer adds only a small amount of complexity to the system 
compared to a simple salt solution.  Tissues are inordinately more complex than the 
PAMAM dendrimer, yet contain physiological amounts of salt.  Food based models, 
such as chicken breast, are sometimes used as an inexpensive model of tissues.62 
Figure 2.8 shows the time-dependent heating response of chicken breast in a 13.56 
MHz 50 W solenoid generated B-field.  This piece of complex tissue, which contains 
~150 mM NaCl, shows no apparent thermal dissipation.  We showed earlier that 
oxidation of Au102(SR)44 substantially increases thermal dissipation for this compound.  
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Figure 2.8 shows that the effect is preserved even in the complex matrix of biological 
tissue.   
Figure 2.8.  Samples of chicken muscle exposed to RF before soaking in Au102(SR)44 
(circles), after soaking in Au102(SR)44 (squares) and after soaking in oxidized 
Au102(SR)44 (triangles).   
 In summary, the role of salts in radiofrequency heating of gold nanoparticles is 
unclear.  Salts clearly confounded some earlier experimental interpretations of 
nanoparticle heating in simple solutions.12,25,27 It appears, however, that salts in 
biological systems may not contribute to background heating, perhaps because they are 
comparatively immobile.  Background salts may help elicit the maximum amount of 
thermal dissipation from metal nanoparticles immersed in RF fields.28,29 
2.9 Critical Assessment of the Heating of Metal Nanoparticles with Applied Radio 
Frequencies  
 Twenty-five papers so far examine the heating of gold nanoparticles in RF (Table 
2.1).  Five of these papers challenge some aspect of gold nanoparticles heating in 
RF,10-13,26 if not dismissing the entire phenomena.  Parsing this controversy is 
complicated, because of differences in experimental approach that include frequency, 
antenna design, and nanoparticle preparation.   We categorize the literature in terms of 
antenna design used in each experiment, as this commonality allows facile comparison 
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of reports made with the same antenna design.  Table 2.1 also organizes the literature 
secondarily according to the diameter of AuNPs reported.  
 In terms of antenna design, capacitively coupled designs and solenoid antennae 
dominate the literature, accounting for 19 of the 24 reports. Eleven of the reports use 
the commercial Kanzius machine.  There are 5 reports of solenoid generated RFMF, 
from 5 different labs. Other designs used that have not been adopted outside of a single 
lab include resonating chambers and microstrip waveguides, with unclear emphasis of 
B- or E- field.  What these entire reports share in common is the examination of thermal 
dissipation of small pieces of gold in radio or microwave-frequency irradiation. 
2.10 Capacitively Coupled Antennae    
There are 13 reports using capacitively coupled electric fields, coming from a 4 
different research groups.  An apparent catalyst for this work was a cancer patient and 
retired radio-engineer, John Kanzius, who began working with academic surgeons to 
develop technology for non-invasive nanoparticle/RF based cancer hyperthermia.24 One 
of the products of this collaboration is the Kanzius Machine, a capacitively coupled RF 
antenna.  This instrument generates 13.56 MHz RF.  The frequency is presumably 
chosen because it is in the industrial/medical frequency band, not regulated by the 
Federal Communications Commission (FCC). Industrial 13.56 MHz RF plasmas are 
commonly used to process semiconductor wafers and for RF-based surgical practices.  
 Early work with the Kanzius machine focused on cancer hyperthermia in both 
tissue culture and animal models, with some apparent success.16,17,23   
 In response to the suggestion that gold nanoparticles do not heat, a novel 
electrophoretic mechanism was proposed.27,28 This electrophoretic mechanism 
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empirically fails to heat nanoparticles larger than 10 nm in diameter.27 The theory for 
electrophoretic heating also predicts more heat than is yet observed for this system, 
meaning the system is not completely understood. Nonetheless, the heating appears 
real and independently confirmed among 3 labs.  Notably, though, the heat observed for 
simple solutions of gold nanoparticles is much less than observed in earlier work with 
the Kanzius machine.  This is most easily noted by comparing reported Specific 
Absorption Rate (SAR) values in recent and older papers (Table 2.1). 
 Early papers with the Kanzius machine reported SAR values on the order of 
300,000 W/g (Table 2.1).  More recent mechanistic work reports SAR values on the 
order of 2 W/g.27 The more recent SAR value is on carefully desalted material and is 
concordant with the SAR value we reported in a different experimental setup of 9.1 W/g.  
A complete comparison of SAR values across this literature isn’t possible because while 
reporting of SAR values is widespread for the heating of magnetic iron oxides in RF, but 
is not universally reported in the gold nanoparticle heating literature.   
  Much of the earlier literature with the Kanzius machine must, therefore be 
reinterpreted.  SAR values larger than ~100W/g currently seem unrealistic, and the 
heating of AuNPs larger than 10 nm, as reported in previous papers, is an experimental 
result that is difficult to reconcile with current understanding.16,25,31,63-66 Thus some of 
the early work may be artefactual, for instance attributing heating to particles that may 
be more appropriately attributed to saline.12,13   
 In summary, heat attributable to nanoparticles in Kanzius machine generated RF 
appears real when AuNPs are smaller than 10 nm in diameter.  The Kanzius foundation 
website reports that the approach is moving forward into large-animal preclinical trials, 
39 
 
suggesting that the approach has proven effective at treating cancers in tissue culture 
and small animals.71a   
2.11 Solenoid Generated RF Fields    
There are 5 reports examining AuNPs heating in solenoid based antennae, from 
5 different research labs.10,14,19,20,67 Three of these reports examine the heating of the 
commercial product Nanogold™,10,14,67 a 1.4 nm cluster suggested as Au69(PR3)20Cl12-
121,68,69. One report examines the heating of iron-doped magnetic gold nanoparticles.20 
One report examines the heating of Au102(SR)44.19  Notably, except for the iron doped 
7.8 nm nanoparticle—which is an outlier in having iron content -- all of the nanoparticles 
used in solenoid based experiments are 1.4-1.5 nm in diameter, and significantly 
smaller than the nanoparticles used in Kanzius machine based experiments, the 
smallest of which were 5 nm. 
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Table 2.1.  Summary and comparison of reports of RF and microwave heating of 
AuNPs.  Many reports do not report specific absorption rate and do not include enough 
data for independent calculation.  
 Four of the papers attribute heating to nanoclusters in RF,14,19,20,67 while one 
paper fails to observe heat attributable to nanoparticles.10  In aggregate, this literature is 
surprising in that there is very little direct experimental follow-up to a very prominent and 
widely cited Nature paper.14  The absence of direct experimental follow-up suggests 
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some difficulty in reproducing the Nature paper’s results. In the report that fails to 
observe heat, Gupta and Kane examined local temperature of Nanogold™ conjugated 
to CdSe quantum dots (QD).  They suggested that even subtle temperature changes at 
the nanocluster surface should induce a measurable change in fluorescence due to the 
close proximity of the gold cluster to the QD, and they fail to observe the change in 
fluorescence that they do observe for iron oxides which undoubtedly heat in RF.  The 
frequency used in this report – 1000 kHz is lower than in others (13.56 MHz, 1 GHz), 
which could possibly account for the observational difference, but otherwise the report 
appears robust. 
 Another possible explanation for the small number of direct experimental follow-
ups to the original Nature paper, as well as the failure to observe heat in one report, 
may lie with the oxidation state and therefore magnetism of the clusters.  In one case, 
the gold nanoparticles are iron doped to make them magnetic, and indeed this work 
represents a bridge between the SPION literature.20 In all other cases, with both 
Nanogold™ and Au102(SR)44, it is likely that the underlying superatomic structure is that 
of a 58e- superatom.32,47,68  It is known that ambient atmospheric oxygen is sufficient to 
oxidize diamagnetic Au25(SR)18-1 to Au25(SR)180 which is a superatom paramagnet.33  
We showed that heat attributable to AuNPs is qualitatively related to oxidation state and 
resulting paramagnetism for Au102(SR)44.19  We suggest that serendipitous oxidation, 
likely with atmospheric oxygen dissolved in the aqueous buffer that the Nanogold™ is 
dissolved in, may render this compound paramagnetic and capable of heating in an 
RFMF.  This aspect of Nanogold™ heating in RF may help explain the small number of 
follow-up reports and also the failure to observe heat in one of the follow-up reports.10 
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2.12 Other Antenna Designs   
One research group has reported on resonating chamber antennae, operated 
primarily in GHz frequency ranges for the explicit purpose of dissolving amyloid 
aggregates implicated in neurodegeneracy, specifically Alzheimer’s disease.15,21,22  
Another research group has made fundamental inquiry into the nature of nanoparticle 
heating using microstrip waveguide antennae.11,26  Neither of these strategies have 
been reproduced by other research labs.   
 The use of a resonating chamber antenna to heat 10nm AuNPs is inspired 
directly by the original report of DNA melting.  These studies, however, use larger 
particles, different frequencies, and different antennae compared to the original report, 
making direct comparison difficult.  These studies do report SAR values of ~989 W/g, 
which is a much larger SAR value than is observed in more recent and carefully 
controlled experiments (Table 2.1).   
 This work was always aimed at the applied goal of dissolving the amyloid 
aggregates that are a central feature of Alzheimer’s disease.  These authors note in 
their later works, citing the works of others in amyloid research, that dissolving amyloid 
aggregates may actually aggravate the disease, as a dissolved aggregate produces 
several new nucleation sites for formation of additional aggregates.  In other words, 
dissolving aggregates does not neutralize them, and may accelerate the disease 
process.  It is likely for this reason that this particular line of research appears to have 
ceased, with the last publication made in 2008. 
 The use of microstrip waveguides is reported by a single group that investigates 
the mechanism of heating.  This group reports some heat from particles, but notes that 
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the heat they observe is miniscule compared to the heating rates reported by other 
groups.11  The conclusions made in this report are similar to those made in other reports 
that question heating of AuNPs in RF:  The heat observed is miniscule, greater heating 
is observed in samples that are not purified, presumably away from free salts, and that 
no presently considered mechanism can theoretically account for the amount of heat 
produced in experiments by groups using the Kanzius machine.   Since this report 
focuses only on the thermal behavior of ~15 nm diameter AuNPs, the results have little 
bearing on the electrophoretic and magnetic mechanisms that emerged after publication 
of this work, which are empirically effective only for 10 nm and smaller particles.  
2.13 Conclusions 
  The literature that reports on heating of AuNPs in RF electromagnetic fields 
contains a wide variety of experimental approaches.  Despite the wide variety of 
approaches, some global conclusions can be drawn.  The chief conclusion is that in 
some cases gold nanoparticles immersed in RF fields heat, and in other cases they do 
not.  All reports of AuNPs larger than 10 nm in diameter heating in RF are, at this stage, 
questionable.  Also, reports that claim an SAR larger than a ~100 W / gram are 
questionable.  All things considered, it seems probable that these heating rates arise 
from conductivity of the sample.   
 Just as in the empirical case, where it seems clear now that some reports may 
be artifactual, some conclusions regarding mechanism appear safe to make.  First, the 
pure Joule or inductive heating mechanism is unlikely.  Other considered mechanisms, 
relying on dielectric or Mie theory are also unlikely as noted in papers that investigate 
them.11,13 Particles larger than ~10 nm diameter probably do not heat detectably, 
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consistent with the recent experimental and theoretical reports.19,27,28  Two mechanisms 
proposed within the past 18 months may explain heating of sub-10nm diameter 
particles.   Electrophoretic mechanisms may heat AuNPs 10nm or smaller in 
concentrated electric fields.  Magnetic mechanisms may function for sub-2.5 nm AuNPs 
and iron doped AuNPs.  
 If a combination of magnetic and electrophoretic mechanisms account for heating 
of particles smaller than 10 nm in diameter, then essentially every report that questions 
whether AuNPs heat in RF at all is problematic.  Theoretical reports that question the 
phenomena don’t consider these cooperative mechanisms, which emerged for 
consideration only after the theoretical reports were published.11,13  Experimental 
reports that completely dismiss the phenomena are similarly problematic.  Some of 
these reports only use AuNPs that are larger than 10 nm diameter.11  Another study that 
questions the phenomena is difficult to evaluate as the applied frequency is lower than 
in other studies and the applied power is not reported.10  Yet another study that 
dismisses the phenomenon12 is followed up by the authors with a subsequent study 
highlighting that container shape is important in whether heat is observed.18,30  In total, 
every report that questions the phenomenon of AuNPs heating does not dismiss 
electrophoretic heating of 10 nm or smaller particles, nor magnetic heating of 2.5 nm 
and smaller particles.    
2.14 Future of AuNP heating in RF   
For widespread adoption of this approach, it is clear that an empirically supported 
mechanism or set of mechanisms for heating must be validated.  Presently, the 
electrophoretic mechanism overestimates heating and the magnetic mechanism 
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underestimates observed heat.  These mechanisms are not yet rigorously tested in 
terms of frequency dependence, field type, and particle composition and topology. In 
many cases both mechanisms may be simultaneously operative.  We expect that a full 
testing of all of these experimental variables will allow clarification of which heating 
mechanisms apply in various experimental conditions, ideally allowing accurate 
prediction and modeling of nanoparticle heat at varying distances from the surface of a 
particle.  Such understanding may usher in a new era of nanoparticle mediated remote-
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CHAPTER 3: ELECTROPHORETIC MECHANISM OF AU25(SR)18 HEATING IN 
RADIOFREQUENCY FIELDS  
3.1 Synopsis 
Gold nanoparticles in radiofrequency fields (RF) have been observed to heat. 
There is some debate over the mechanism of heating.  Au25(SR)18 in RF is studied for 
the mechanistic insights obtainable from precise synthetic control over exact charge, 
size, and spin for this nanoparticle. An electrophoretic mechanism can adequately 
account for the observed heat. This study adds a new level of understanding to gold 
particle heating experiments, allowing for the first time a conclusive connection between 
theoretical and experimentally observed heating rates. 
3.2 Introduction 
The interaction of gold nanoparticles with radiofrequency radiation has been 
observed to generate heat.  Applications of this heat include cancer hyperthermia,1–4 
amyloid dissolution,5,6 aptamer control,7 and enzyme activation.8,9 Prompted by the 
promising applications of gold nanoparticle heat generation, the physical mechanisms 
by which nanomaterials may convert RF energy into thermal energy is an area of active 
inquiry.  
Initial investigation into the observed heating rates of gold nanoparticle solutions 
in radiofrequency electric fields concluded that inductive currents caused joule heating 
of the electrons within the particle, resulting in a hot particle.10–12 Consistent with joule-
heating was the observation that particles smaller than 50 nm in diameter heat at nearly 
twice the rate of larger diameter gold nanoparticles, due to the higher resistivity of the 
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structures.12 After several follow up reports, the validity of the joule heating mechanism 
was questioned both experimentally and theoretically.13–16 
Two reports have concluded that observed heat could be attributed almost 
completely to background electrolyte resistive heating. They showed that AuNP 
resuspended in rigorously de-ionized water produce negligible observable heat or 
absorb negligible amounts of RF energy until protein corona formation increases the 
surface charge.17,18 An additional report suggesting that oxidation of Au102(pMBA)44 
clusters results in paramagnetism. Such paramagnetic clusters could heat by a 
mechanism similar to superparamagnetic iron-oxide particles.19 In general reproducing 
heating rates experimentally observed in different labs is difficult and confounded by 
differences in RF antenna design, field properties and sample container geometry. We 
recently published a critical review of gold nanoparticle heating.20 
An emerging consensus for mechanism of gold nanoparticle heating phenomena 
is that observed heating rates arise primarily from electrophoretic motion of charged 
particles in an alternating RF electric field. This is in addition to a small, likely negligible, 
contribution from the inductive heating of the particles.13,14,21 This electrophoretic motion 
of the particles results in inelastic collisions with the surrounding solvent molecules, 
producing measurable heat.  
Heat that arises from electrophoretic motion of particles is proportional to the net 
charge of the nanoparticle (including any double-layer) and inversely proportional to the 
hydrodynamic (Stokes-Einstein) radius. It is independent of the core composition and 
the same mechanism that applies to all charged species, including salts, at these 
frequencies.  Observed heat depends not only on the size and charge of the dissolved 
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species, but also on the surrounding medium. Notably, the permittivity (and conductivity) 
of the solution, which are influenced by solvent structuring and ionic strength, have 
large effects on the ‘background heating’ rates of samples of nanoparticles in RF. 22–24 
 The heating rates of silica nanoparticles and gold nanoparticles in RF are 
similar,25,26 indicating that the composition of the particles does not substantially affect 
the observed heating rate. Still, a quantitative understanding of the heating phenomena 
is lacking. Uncertainties in assigning particle net charge and Stokes-Einstein radius may 
confound comparisons between experimentally observed and calculated heating rates.  
3.3 Methods 
Herein, we quantify the net charge and Stokes-Einstein radius of Au25(SR)18 
nanoclusters (figure 3.1), and measure the heating rate of solutions of variants of this 
nanocluster in a 13.56 MHz radiofrequency field.  The net charge of Au25(SR)18 clusters 
arises from a combination of the charge on the core (which is stable in +1, 0 and -1 
oxidation states) and any charge arising from ionizable functional groups in the 18 




Figure 3.1. Au25(SR)18 crystal structure with gold atoms orange, sulfur in yellow and R 
groups in green. Below are the ligands PET and glutathione ligand used for organic and 
water solubility respectively.  
Thus, net ionic charge of the cluster depends on the pKas of the ionizable groups 
and the pH of the surrounding solution, as well as any charge shielding arising from co-
dissolved ions. The ligands protecting Au25(SR)18 in this study are either the tripeptide 
glutathione (γ-glutamyl cysteinyl glycine, abbreviated GSH) or phenylethanethiol (PET).  
Both ligands are shown schematically in figure 3.1.  GSH ligation allows the 
quantification of ligand net charge on observed heat, whereas PET ligated clusters 
allow quantification of core net charge and any paramagnetic contributions to observed 
heat.  
 Each GSH ligand contains 3 ionizable functional groups: two carboxylic acids 
and the N-terminus of the peptide, with approximate pKas of pK1 = 2.12 (COOH), pK2 = 
3.59 (COOH), pK3 = 8.75 (NH2).27 When ligated to a cluster, the dense packing of 
ionizable groups modifies their pKa.28,29 For instance, the pKa of the carboxylic acid 
group of p-mercaptobenzoic acid increases by 2 pKa units when incorporated in the 
monolayer of Au102(pMBA)44.29 
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 Because of the difficulty in predicting the magnitude of the effects of altered 
ligand pKa and any counterion shielding, we experimentally determined the net effective 
charge on the clusters as a function of pH. Experimentally, to ascertain the effective 
charge of the Au25(GSH)18 particles, we determined their electrophoretic mobility and 
Stokes-Einstein radius. These properties are related to effective charge by the Stokes-




                    (1) 
Where 𝜇𝐸𝑃 is the electrophoretic mobility in m
2V-1s-1 and a is the radius 𝑞 is the particle 
charge and 𝜂 is the viscosity of the solution. 
3.4 Results and Discussion 
 We determined the electrophoretic mobility of Au25(GSH)18 as a function of pH by 
capillary electrophoresis. Figure 3.2, left panel, shows this at pH values 3.0, 4.0, 5.0, 
6.0, 7.0, 8.0 and 9.0. In all cases, buffer concentrations were 10 mM.  Different buffers 
were used to buffer at each pH, and this leads to differing values of ionic strength and 
conductivity (SI Table A.S1).  The deviations in viscosity from deionized H2O were 
assumed to be negligible for the different buffer conditions due to all of them being 
rather dilute (10 mM).  Ferguson analysis of the mobility30 of Au25(SG)18 clusters in 
polyacrylamide gel electrophoresis at pH 8.3 is similar to the high pH CE results at 
2.2*10-4 in cm2 V-1s-1  (see SI Table S3).   
We determined a hydrodynamic radius value of 1.65 nm by dynamic light 
scattering (Zetasizer Nano ZS, Malvern, see SI Figures A.S3 and A.S4). This value is in 
good agreement with literature values31 and theoretical calculations using hydro pro and 
the theoretical structure of Akola.32 We could not observe differences in hydrodynamic 
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diameter at different pH values within the resolution of this experiment.  For particles 
with a larger or more compressible ligand shell, pH and ionic strength may underlie 
dramatic changes in observed Stoke-Einstein radius.33 If the protecting ligand layer is a 
flexible polymer such as polyethelyne glycol (PEG), then the compression of the double 
layer can further change the hydrodynamic radius by allowing for compression or 
expansion of the ligand layer as well as the surrounding double layer. This can result in 
drastic changes in hydrodynamic radius for some particles. 34 For instance, in deionized 
H2O, the Stokes-Einstein radius of particles may become much larger, and this effective 
increase in size may explain why gold nanoparticles show less heating in deionized 
water compared to solutions that are not rigorously deionized. 
  Using the measured electrophoretic mobilities and Stokes-Einstein radius, we 
calculate using equation 1 the charges on the clusters as -0.35, -5.87, -6.76, and -7.43 
in units of electron charge for pHs 3, 5, 7, and 9 respectively. This is significantly less 
than the net charges assumed from estimates based on the pKa of the ligands at those 
pHs, where net charges ranging from -4.6 at pH 3 to -36 at pH 9 are expected (see SI 
Table S2). To ascertain the relationship between heat evolved by clusters in RF fields 
and the net charge on the cluster, we measured the heating rates of Au25(GSH)18 at the 
same pH / ionic strength as used in the experiments for charge determination in a 
custom-built RF generator. This instrument, operating at 13.56 MHz under 50W power 
is fully described in a prior publication.19  We observe a clear dependence of heating 




Figure 3.2.  The left absorbance at 280nm from capillary electrophoresis plotted as 
mobility of the particles in buffers ranging from pH 9 to pH 3. The right is the 
background subtracted RF heating rates measured in the same buffers with pH 3, pH 5, 
pH 7 and pH 9.  Calculated, normalized heating rates are shown as dashed columns 
next to the observed heating rates. The calculated charge on the cluster is shown next 
to each. 
We found that modeling the heat produced by the Au25(SR)18 / counterion / buffer 
solutions in the electrophoretic heating model proposed by Sassaroli could account well 
for the observed heating rates.14 In the Sassaroli model, the absorption of power as a 
result of electrophoretic movement is described by the imaginary component of the 
dielectric constant for the particles.14 The power absorption due to dielectric loss is 















 and 𝛽 = 6𝜋𝜂𝑎. Here 𝑞 is the particle charge,  𝑎 is the hydrodynamic 
radius of the particle, 𝜂 is the dynamic shear viscosity of the solvent, 𝐸 is the electric 
field strength, 𝜌 is the particle density, and 𝜙 is the volume fraction of the particles.   
 The electric field strength needed in this equation is difficult to measure 
accurately.  For instance, it is unclear whether a measured field strength in an ‘empty 
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antenna’ is representative of the field strength inside the solution/sample containing 
vessel that is inside the antenna.15,22 (In other words, the shape of the sample container 
can modify the electric field strength in ways that are difficult to predict or measure.)  
Therefore, instead of attempting to measure ‘specific absorption rates’ (which would 
require a meaningful measurement of electric field strength) we instead compared 
normalized heating rates, relative to the highest power-absorbing sample. This makes 
the heating rate independent of the field strength. This approach is especially useful as 
it allows ratiometric comparison of experimental to calculated heating rates.  
 Figure 3.2, right panel, shows the theoretical heating rates for Au25(SG)18, 
measured at 4 different pH (i.e. particle charge) values.  Theoretical heating rates are 
shown as hatched bars, just adjacent to the experimental heating rates (solid bars). We 
observe theoretical agreement within error, suggesting that observed, modest heating 
rates can be completely accounted for in these experiments by the Sassaroli proposed 
electrophoretic mechanisms. This mechanism is also in agreement with the results of 
Suchalkin in that they didn’t observe any significant RF absorption until the surface 
charge of the particle was significantly increased via corona formation.18 Additionally the 
mechanism shows a potential reason that groups observe attenuated RF heating after 
dialysis;17,18 the hydrodynamic radius increases when ionic strength is reduced,33 
resulting in a lower charge to hydrodynamic volume ratio and attenuated electrophoretic 
motion.  
In addition to studying the water-soluble Au25(SG)18 cluster, we also studied the 
organosoluble Au25(PET)18 cluster. This cluster is a useful point of study for examining 
the effects of not only charge, but also paramagnetism / diamagnetism and solvent 
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polarity.  Solvent polarity is a useful parameter in understanding heating mechanisms, 
because nonpolar solvents such as toluene do not stabilize ions effectively and should 
quench heating mechanisms that depend on ionic movements.  This is in comparison to 
polar organic solvents, such as dichloromethane (DCM) which, like water, promote 
ionization and facilitate ionic heating mechanisms.  
 Bulk electrolysis was used, as we have previously, to set the oxidation state of 
Au25(PET)18 to -1, 0 or +1 core charge states.35–37 These oxidation states correspond to 
diamagnetic, paramagnetic and diamagnetic compounds (shown schematically in figure 
3.3, right column), as we and others have previously reported.37–42 We measured 
heating response for these cluster preparations in all three oxidation states and in polar 
and nonpolar solvents. Figure 3.3 shows heating rates of these preparations.  
Figure 3.3. Heating rates as a function of charge state and solvent. Blue trace is +1 in 
DCM, red is -1 in DCM, green is 0 in DCM and purple is +1 in toluene. The inset shows 
normalized calculated heating rates of the +1 and -1 charge states next to the 
normalized measured heating rates in blue and red respectively. The orange color 
indicates heat from the counter ions, PF6- and TOA+ and the yellow color indicates heat 
from the cluster’s electrophoretic movement.  
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Essentially no thermal response is observed when the clusters are uncharged, 
but paramagnetic (green trace).  Similarly, no thermal response is observed in the 
nonpolar solvent toluene, for both positively charged (purple trace), negatively charged, 
and uncharged clusters (data not shown).  Conversely, a thermal response is observed 
for both positively and negatively charged clusters when dichloromethane is used as a 
solvent (blue trace, red trace).  
The inset in figure 3.3 shows the theoretical fraction of observed heat attributable 
to the cluster (yellow bar) and the counterion (red orange bar) as calculated with 
equation 2. The observed heat from a cluster of unitary charge is identical, independent 
of whether the charge is +1 or -1.  We attribute the difference in heating rates observed 
for the positive and negatively charged clusters entirely to the size of the counterion 
used in each experiment.   
 Previously, we studied the effect of the charge on the gold core of the 
Au102(SR)44 cluster, which may be a proxy for paramagnetism of the cluster.19 For that 
cluster we observed heating that appeared to depend on whether the cluster was 
paramagnetic or not. Due to the technical difficulties of working in water, we could not 
assign an exact oxidation or spin state to these clusters. For the organosoluble 
preparations studied here, where we can assign an exact spin state, we see no 
evidence for a magnetic heating mechanism.  For Au25(SR)18, heat is completely 
attributable to electrophoretic mechanisms.    
3.5 Conclusions 
 In conclusion, heating mechanisms for inorganic nanoparticles in RF irradiation 
are a subject of current investigation.  For the Au25(SR)18 cluster, which allows 
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mechanistic investigation through alteration of net charge, magnetic moment and 
solvation environment, we see only evidence for electrophoretic heating mechanisms.  
We modified the net charge of the particles by chemical modification of the ligand layer, 
changing the pH and bulk electrolysis to charge the metallic core of the particle.  
Overall, we conclude that in a variety of preparations, only electrophoretic mechanisms 
contribute to heat evolution from Au25(SR)18 clusters. 
3.6 Experimental Methods 
Particle synthesis: Au25(PET)18 particles were synthesized and purified by 
crystallization in the various charge states, exactly as previously reported.37 The 
crystalized particles were thoroughly washed with toluene to remove excess salts. 
Au25(GS)18 was synthesized as previously reported.43 Fractional precipitation was used 
to clean up the particles prior to purification by PAGE. This allowed more material to be 
loaded on each gel.  After gel purification the particles were precipitated with 7:1 
methanol to DI H2O and washed 3x to rinse away any excess salt. The same batch of 
particles was used for all heating and electrophoresis studies to ensure that any 
additional salt remaining after washing would be consistent for all samples allowing for 
an accurate comparison between different pH buffers.    
Ferguson analysis: Mobility of Au25(SG)18 in 1x TBE (pH is 8.3) was determined with 
gel electrophoresis by measuring the distance the band traveled (retention factor) as a 
function of gel percentage. To get a precise measurement of the distance, a gel imager 
was used to ensure precisely the same angle and height the picture was take from then 
imageJ was used and calibrated to the size of the gel.  Distances of the bands were 
measured from the start of the well to the darkest part (highest intensity in imageJ) of 
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the band (corresponding to the most cluster), and band width was incorporated as error 
bars in the mobilities plotted. The linear fit of the cluster was then used to extrapolate 
the free mobility of the clusters. The mobility measured by gel is in good agreement with 
the mobility found using capillary electrophoresis.   
Capillary electrophoresis: experiments were performed and an HP 61600AX 3DCE, 
using a 50 μm, 33 cm (24.5cm to the window) fused silica capillary treated with NaOH. It 
was run with positive polarity with an applied voltage of 15 kV and the temperature of 
the capillary was held constant at 25*C. Uv-vis absorption at 214, 254 and 280 nm was 
collected using chemstation software Rev A.08.03. Caffeine was used as a neutral 
electro osmotic flow indicator. Raw data from the absorbance at 280nm can be seen 
below bellow. Data was then converted to the mobility domain to better visualize the 
effect of the pH of the background electrolytes on the electrophoretic mobility of the 
clusters. 
Radiofrequency heating experiments: 2mL samples were contained in 10mm NMR 
tube. They were heated in a custom constructed water cooled hollow copper solenoid 
powered by a 100W amplifier (ifi scx100) and a function generator (Philips PM5192) set 
to generate a sinusoidal current at 13.56 MHz. An impedance matching network was 
used and forward voltage from the amplifier was monitored and set at 50W. The 
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CHAPTER 4: PRACTICAL STABILITY OF AU25(SR)18-1/0/+1 
4.1 Synopsis 
Superatom electron shell and/or geometric shell filling underlies the 
thermodynamic stability of coinage and alkali metal clusters in both theoretical and 
experimental results.  Factors beyond simple shell filling contribute substantially to the 
lifetime of ligated clusters in solution.  Such factors include the nature of the solvent, the 
atmosphere and the steric size of the ligand shell.  Here we systematically lay out a 
‘practical’ stability model for ligated metal clusters, which includes both shell-closing 
aspects and colloidal stability aspects.  Cluster decomposition may follow either fusion 
or fission pathways.  Solvent polarity can be determinative of the decomposition 
pathway. 
4.2 Introduction 
Gas-phase and solution-phase (ligated) metal clusters comprised of alkali or 
coinage metals form in discrete, thermodynamically stable sizes for which a possible 
explanation of is found in superatom complex theory.1 This describes molecule-like, 
discrete electronic states for the delocalized core metal electrons due to quantum 
confinement of gold nanoclusters with approximately 150 atoms or fewer.  According to 
the superatom model, clusters with closed electronic shells are more stable than those 
with open electronic shells.  Experimentally, we previously showed that superatomic 
electron configuration predicts the thermal stability of the clusters in differential scanning 
calorimetry experiments.2 In this work, we observed that  Au25(PET)18-1 (1S21P6) was 
more thermally stable than Au25(PET)180 (1S21P5) or Au25(PET)18+1 (1S21P4). 
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While superatom electron theory offers explanations for the discrete sizes3–5 and 
thermal stability of the clusters, little investigation has been done into the practical, 
solution stability of the monolayer protected clusters.6–8 This is an area that has been 
well studied for larger colloidal particles9–12, but it is not clear whether the same 
principles apply to the smaller particles, and how colloidal descriptions of stability and 
superatomic descriptions of stability interact.   
 When a metal cluster or particle ‘decomposes’, that decomposition can be by 
fission/etching (breaking into smaller component pieces) or fusion (agglomerative 
growth of particles). Fission is an established pathway of decay for thiolate protected 
silver clusters.7  Etching represents a type of fission that is widely used in synthesis of 
metal nanostructures and is highly dependent on oxygen in the case of thiol protected 
gold nanoparticles.13–16 Instability through agglomerative growth pathways for 
nanoparticles is well established for water-soluble colloids17 and also for organo-soluble 
colloids.18,19 Theoretically, colloidal stability is attributed to a combination of van der 
Waals attraction, electrostatic double layer repulsion, and steric terms, described 
classically in DLVO and extended DLVO theory.17,20 For water soluble nanoclusters, 
manipulation of ligand shell charge has been shown to improve solution stability.8,21  
 In this work, we endeavor to establish the “practical stability” of thiolate protected 
metal clusters, using Au25(SR)18 as a well-studied model system in which different 
oxidation states and ligand shells are easily accessible.21–28  Such practical stability is 
important to establish as these clusters find their way into catalytic and imaging 
applications.29,30  We find that practical stability appears to depend both on superatom 




Clusters were synthesized and purified as previously reported.2  For air free 
decomposition studies, the dry cluster was suspended in solvent that was rigorously 
purged with argon and then transferred to a sealed Schlenk cuvette using Schlenk 
technique to avoid introduction of air. The cuvettes were sealed to avoid contamination 
by atmosphere and solvent evaporation. The in air samples were also put into the same 
Schlenk cuvette but balloons were used to ensure there was a constant atmosphere of 
air in the head space. UV-vis spectra were taken on an ocean optics usb4000 
spectrometer using a DT-mini-2-GS deuterium light source at approximately 4 hour 
intervals throughout the day using the respective solvent in the same type of cuvette as 
a blank before each measurement. Concentration of the samples were found using the 
previously reported molar absorptivity at 680 nm of 8800 cm-1M-1. 31 Wavelengths at 680 
and 605 nm were monitored so that the trough at 605 could be consistently set to zero 
and the feature at 680 nm could be compared between measurements. Then the 
starting concentration was normalized to one and the decrease in concentration was 
monitored as a decrease in the 680 nm feature. The concentrations were then plotted 
vs time to determine the reactant order in Au25 according to the integrated rate laws for 
zeroth, first and second order reactions. The best fit parameters were then used to 
determine the rate constant k and the half-life according to the integrated rate law for 
that given order. 
4.4 Results and discussion  
We observe that under some conditions, Au25(SR)18 cluster lifetime is 
extraordinarily longer than under other conditions, where the clusters degrade rapidly.  
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Figure 4.1, left panel illustrates this, showing Au25(SC4H9)180 in rigorously degassed 
THF, kept solvated under an argon atmosphere in the top set of traces.   As judged by 
the Au25(SC4H9)180 optical absorbance spectrum, the cluster does not substantially 
decay over the course of 6 days (spectra are offset for clarity).  By comparison, the 
spectrum of the same compound, when solvated in un-stabilized THF (bottom traces), 
loses the characteristic linear absorption features of Au25(SC4H9)180, evolving to a rather 
featureless spectrum typical of a heterogeneous mixture within the course of 3 days.  
Mechanistic information about decay pathways is extracted by examining the decrease 
in absorbance of the spectral feature at 680 nm, attributed to the HOMO-LUMO gap of 
the Au25(SR)18 cluster.  Fitting the evolution of this peak to integrated kinetic rate laws 
(Table 1) produces information on the order of decay, rate constant, and half-life of the 
cluster in different environments. An example of this fitting is shown in figure 4.1, right 
panel. 
Figure  4.1. Left panel shows the optical spectrum of Au25(SC4H9)18  under argon as 
synthesized (solid blue trace), after approximately 1 day (purple-dashed trace), 2 days 
(green small-dash trace), 3 days (red dot-trace), 5 days (brown dash-dot trace), and 6 
days (grey dash-dot-dot trace).  The top set of traces show the evolution of the 
Au25(SC4H9)18-1 spectrum in stabilized THF, while the bottom set of traces shows the 
77 
 
same experiment in unstabilized THF. The right panel plots the decay of Au25(PET)180 in 
acetone THF measuring concentration with 8800 cm-1M-1 extinction coefficient at 680 
nm, black circles.  Fits to this data by zeroth order decay and first order decay are 
shown as blue and red traces, respectively. 
Many prior reports have noted informally that ligand steric size and/or net charge 
impacts the practical stability of thiolate protected gold clusters, suggesting that aspects 
of colloidal stability are important in overall practical stability of thiolate protected 
clusters.32,33 The extent of the influence of ligand size on cluster stability, to our 
knowledge, has not previously been systematically investigated.  To systematically 
establish the influence of ligand steric size on practical stability of Au25(SR)18, we 
investigated both the thermal and temporal stability of the compound with R groups 
ranging in size from (SCH2CH3, ethanethiol) to (S(CH2)11CH3, dodecanethiol), as well as 
(SCH2CH2C6H5, phenylethanethiol, PET).  To determine temporal stability of Au25(SR)18, 
optical spectra of the clusters were acquired at approximately 4 hour intervals over the 
length of the experiment. The temporal stability in air, shown as half-life of the cluster, 
for Au25(SR)180 in dichloromethane solvation, 
Table 4.1 Integrated rate laws used to determine best fit and reactant order. The 
R2 values here are shown for Au25(PET)180 in acetone data shown the right panel 
of figure 4.1.   
Reactant order Integrated rate law fit R2 value 
Zero (red) [𝐴] = [𝐴]0 −  𝑘𝑡 0.895 
First (blue) [𝐴] = [𝐴]0𝑒
−𝑘𝑡 0.972 






+ 𝑘𝑡 0.0156 
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Figure 4.2. Left-hand panel shows the thermal stability of the clusters as it related to 
steric size of the protecting ligand. Right-hand panel shows the temporal stability of 
Au25(SR)180 as it relates to the steric size of the protecting ligand, air free in DCM.    
where SR= ethanethiol, hexanethiol, octanethiol, dodecanethiol and phenylethanethiol 
is shown in Figure 4.2, right panel. The thermal stability of a similar set of clusters was 
determined by differential scanning calorimetry (DSC). We previously used DSC to 
investigate the stability of Au25(PET)18 clusters as a function of oxidation state.2 The raw 
DSC traces (supporting information p S17) show a large endotherm that we attribute to 
a decomposition temperature.  The decomposition temperatures of clusters protected 
by ethanethiol, butanethiol, phenylethane thiol and hexanethiol are shown in the right 
panel of figure 4.2.  
Overall, we observe a strong correlation with sterically larger ligands conferring 
greater thermal and temporal stability. The exception to this trend, phenylethanethiol, is 
easily rationalized as a more sterically demanding ligand which, by virtue of its 
branched nature, provides a larger ‘cluster cone angle’34 relative to its length, when 
compared to straight chain alkanethiols.  We expect that branched alkanethiols may 































We also examined the effect of cluster oxidation state on stability.  Previously, we 
suggested that ‘closed shell’ superatom electron configurations are associated with 
greater thermal stability.2  Here we expand this investigation to examine how the 
thermal stability of different oxidation states correlates to the steric size of the protecting 
ligand.  Figure 4.3 shows the observed decomposition temperatures for Au25 clusters 
protected by ethanethiol (orange), propanethiol (purple), hexanethiol (blue), and 
phenylethanethiol(red) in the -1, and 0 oxidation states.  As we observed before, 
increasing the oxidation state of the clusters, deviating from a full superatomic electron 
shell generally decreases their thermal stability.  Figure 4.3 shows that when varied 
simultaneously, the steric size of the ligand provides a larger contribution than oxidation 
state to practical thermal stability.  
Figure 4.3 Oxidation state vs thermal decomposition temperature. Charge states are 
shown above each column. 
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In contrast to the influence of oxidation state on thermal stability of desolvated clusters, 
we observe a weaker correlation between oxidation state and lifetime in solution for 
solvated clusters.  Instead, we observe that the nature of the solvent appears to 
dominate the lifetime of the clusters in solution (Figures 4.4 and 4.5).  
Figure 4.2. Left panel shows lifetimes of Au25(SR)180 in THF and stabilized THF.  
Generally, the inclusion of BHT increases observed half-life.  The right panel shows 
inclusion vs. exclusion of ambient atmosphere for Au25(PET)18-1 in dichloromethane, 
showing the lifetime of the cluster is substantially decreased by exposure to 
atmosphere. 
We also examined the effect storage of Au25(SR)18 in solution under ambient 
atmosphere compared to in solution under argon.  In general, we note that storage 
under argon preserves cluster integrity for longer periods of time than storage under 
atmosphere.  Figure 4.4, right panel shows the lifetime of Au25(PET)18 in DCM under air 
and under argon.  Here, storage under ambient atmosphere notably decreases the half 
life of the cluster.  In the case of THF solvation, however, stabilized THF, which includes 
a radical inhibitor butylated hydroxytoluene (BHT) allows much longer half-lives, 
independent of the storage atmosphere.  That argon atmospheres and BHT specifically 
both tend to enhance cluster lifetimes is suggestive of dissolved O2 playing a role in the 




Figure 4.3 Au25(PET)180 half lives in Toluene, dichloromethane (DCM), Tetrahydrofuran, 
chloroform and acetone in air. The red-overlay represents regions of polarity solvent 
polarity where fusion mechanisms are (increasingly) observed. 
In our preliminary observations, we noted that the nature of the solvent appeared 
to play a substantial role in the lifetime of solvated Au25(SR)18.  We therefore made a 
systematic investigation of the effect of solvent on the lifetime of the clusters in solution.  
In testing several solvents used for organo-soluble clusters, we observed a strong 
correlation between solvent polarity and the lifetime of the cluster in solution, with more 
polar solvents promoting more rapid decomposition. Figure 4.5 shows the half lives of 
Au25(PET)180 in a selection of solvents arranged according to their polarity index.35  The 
polarity index is a relative measure of the degree of interaction with a polar test solute, 
from Burdick & Jackson solvents.35  In general we find that clusters are markedly more 
stable in toluene than many of the other solvents screened. Some combinations of 
ligand and solvent, such as butanethiol protected particles in toluene (supporting 
information B.S15) resulted in no measurable decay of the particles over 20 days.  
This data provides insight into decay pathways.  Decay of a suspended particle 
may arise from one of two either fusion of two particles or fission of a single particle into 
smaller components.  These processes have distinct kinetics, with fission pathways 
following 0th order kinetics and fusion pathways following 1st order kinetics. An analysis 
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of the disappearance of characteristic peaks of Au25 and spectral evolution into 
something suggestive of a mixture suggests that the mechanism of decay is 
environment dependent. 
We notice that solvent polarity appears not only determinative of half-life but also 
influences the mechanism of decay. Higher polarity solvents favor 0th order decay 
(fission) pathways and lower polarity solvents favor 1st order decay (fusion).  Example 
fits of 0th and 1st order decay are shown the supporting information  B.S12.   This 
suggests that the higher polarity solvents may be driving aggregation of particles 
capped by non-polar ligands.  We expect to observe the opposite trend for particles 
capped by polar ligands.  
The trends shown are expected to be similar for other magic number sized 
monolayer protected noble metal clusters, but it’s unknown if these trends will continue 
as clusters size increases into the range between cluster and colloidal particle. 
4.5 Conclusions 
Overall, this data allows us to suggest practical aspects of storage and 
handling that may preserve the integrity of Au25(SR)18 and by extension other 
thiolate protected clusters.  In general, steric stabilization of the clusters appears 
to provide the greatest tunable variable for manipulating cluster half lives.  The 
nature of the solvent also plays a large and unexpected role in the half-lives of 
the clusters.  Less important but still appreciable contributions are made by 
oxidation state and relatedly the atmosphere under which clusters are stored.  In 
some conditions, especially when dissolved in toluene with larger ligands the 
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CHAPTER 5: RADIOFREQUENCY REMOTE CONTROL OF THERMOLYSIN 
ACTIVITY 
5.1 Synopsis 
Nearly all biological processes are regulated by enzymes, precise control over 
specific enzymes could create the potential for controlling cellular processes remotely. 
We have successfully shown that the thermophilic enzyme thermolysin can be remotely 
activated in 17.76 MHz radiofrequency (RF) fields when covalently attached to 6.1 nm 
gold coated magnetite nanoparticles. Without raising the bulk solution temperature, we 
observe enzyme activity as if the solution was 16  2 C warmer in RF fields, or an 
increase in enzymatic rate of 56  8%. Kinetics studies show that the activity increase of 
the enzyme is consistent with the induced fit of a hot enzyme with cold substrate.  
5.2 Introduction 
The use of temperature changes to modulate biological processes is ubiquitous.  
Well known examples include cooking to neutralize foodborne pathogens, the 
polymerase chain reaction (PCR),1–5 thermal cancer treatment,6–10 and thermal 
deactivation of enzymes (e.g., restriction endonucleases).11–13  These processes all rely 
on bulk(macro)-scale heating.   
 The routine use of thermal manipulation of biological processes is ‘bulk heating’ – 
heating the entire sample.  However, the possibility of heating discrete and defined local 
regions within a sample offers the potential to extend the paradigm of thermal 




The advent of nanoparticles that convert external stimuli to heat gives rise to the 
possibility that thermal modulation of biological processes could be spatially targeted 
with high resolution.  Indeed, inorganic particles that heat upon thermal stimuli have 
been used to modulate biological activity.  Gold nanoparticles conjugated to DNA can 
thermally modulate DNA hybridization.14  Micron-sized ferromagnetic iron oxides can 
thermally control the activity of amylase under 0.34 MHz RF irradiation.15 Dehalogenase 
enzymes immobilized in a gel matrix with iron oxide particles of unknown size could be 
thermally controlled using the nanoparticles to heat the entire hydrogel.16  Gold 
nanorods that heat upon  NIR, 800 nm laser stimulation can modulate the activity of 
glucokinase.17 
 Prior examples of particle mediated influence of enzyme activity are done with 
particles of widely varying size, from micron sized iron oxides to 30 x 10 nm nanorod.17 
The different sizes of particle could imply different spatial resolutions to which heat can 
be delivered.  For instance, micron and 100+ nm sized particles could be effective at 
cellular resolution—heating nearby cells but not far away cells,18,19 while sub-10nm 
sized particles may heat at molecular resolution—heating nearby molecules but not far-
away molecules. We used smaller particles (6.1 nm) for improved heat resolution and 
an increase in surface area to volume ratio, allowing for a more area for labeling with 
heating targets and heat transfer. Figure 5.1 summarizes the differences in surface area 
to volume ratio and shows the striking difference for a fixed volume fraction of particles.  
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 Figure 5.1. a) Comparison of surface area to volume of 1 micrometer and 5 nanometer 
diameter particles, pictures of particles are to scale. b) comparison of total surface area 
(in 10-7 m2 units) from a constant volume fraction of 1 micrometer and 5 nanometer 
diameter particles. 
 
 Herein, we demonstrate the first thermal manipulation of enzymatic activity by 
‘hot’ nanoparticles at molecular resolution. We use 6.1 nm gold coated magnetite 
particles covalently linked to the thermostable protease enzyme, thermolysin. The 
superparamagnetic 4.5 nm magnetite cores heat under radiofrequency (RF) irradiation 
at 17.76 MHz, as the magnetic field torques the magnetic moments and the particles 
relax via Neel relaxation mechanisms.20–24  
 We observe an increase of thermolysin activity that is proportional to the applied 
RF power (and B field strength), without increasing the bulk temperature of the solution.  
The effective temperature of thermolysin can be correlated to different power inputs.  
We observe unique enzyme kinetics, consistent with a hot enzyme and cold substrate.   
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5.3 Results and Discussion 
We investigated the activity of Thermolysin covalently conjugated to 6.1 nm 
diameter gold coated magnetite particles under RF irradiation. Thermolysin is a 34.6 
kDa metalloprotease from thermophilic bacteria Bacillus thermoproteolyticus.25–27 It is 
active in the hydrolysis of peptide bond with a preference for peptide bonds between 
hydrophobic residues.  Its activity is maximized at pH 8 and increases with temperature 
until 70C at which point it denatures.  As a thermostable enzyme in bioconjugation 
methods, it is preferred over many others because there are no disulfide bonds, which 
many thermophilic enzymes have for improved stability at high temperatures.  Such 
disulfide bonds, however, could potentially break under reducing conditions in favor of 
formation of a bond with the gold particle surface.  
Magnetite particles were used because they are the superparamagnetic particles 
most frequently used in the literature for RF heating experiments. We gold coated the 
particles to stabilize the particles and allow for a robust covalent attachment of the 
conjugates through gold thiolate bonds, without negatively impacting the magnetic 
properties.28–30 The optimal size magnetite cores were found for our system (17.7 MHz)  
to be 4 nm diameter.20 We then coated the particles with the minimal amount of gold 
that would still allow for phase transferring and full ligand exchange without etching  
away and destroying the particle stability. For complete details of the synthesis and 
phase transfer see appendix C1 pg 140. 
Thermolysin was attached to the gold coated iron-oxide particles through peptide 
bond formation using the carboxylic acid terminated ligands on the particles and the 
solvent accessible free lysine residues on thermolysin.31,32 To significantly improve yield 
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and decrease reaction time, a novel procedure was developed using HATU as a 
coupling reagent in buffer without any organic solvents (for details see appendix C2 pg 
143). This coupling procedure can be universally applied to enzymes, including those 
with very poor water solubility, a weak affinity for the ligand coating of the particle and 
high sensitivity to organic solvents like thermolysin.  
To monitor activity of the thermolysin conjugates a colorimetric assay was used. 
As the succinylated casein substrate is digested by thermolysin, hydrolyzed peptide 
bonds create primary amines which react with the colorimetric reagent, 2,4,6-
trinitrobenzene sulfonic acid (TNBSA) to form an orange colored product that is 
monitored with uv-Vis spectrometer at 430 nm (appendix C3).  To obtain the velocity 
(i.e., activity) of the conjugates in the various environments, the absorbance at 430 nm 
of 0, 1, 2, and 3 minutes aliquots (time points) were graphed vs time and the slope of 
the linear relationship is the velocity in units of min-1. 
The 17.76 MHz RF field was generated using a homemade water-cooled copper 
solenoid. A function generator was used to make a sinusoidal 17.76 MHz signal that 
was amplified and sent to the coil. An oscilloscope was used to monitor the output of the 
amplifier and an impedance matching box was used to ensure that the applied power 
was not reflected back into the power amplifier, see figure 5.2 for an illustration of the 
heating system.  The temperature of the solution was measured using a fiber optic 
temperature probe. The water cooling system was made so that heat from the coil did 
not increase the temperature of the sample, even after doing multiple experiments in a 





Figure 5.2. Illustration of radiofrequency heating system. A function generator is used to 
create a sinusoidal 17.76 MHz signal which is sent to a power amplifier. The signal is 
then sent through an impedance matching circuit and into the water cooled solenoid. 
For details see appendix C4 pg 150.  
 
Preliminary experiments suggested higher power and higher frequency both 
increased the activity of enzyme/particle conjugates.  The reported experiments were 
executed at 17.76 MHz and 80 W incident power, as these were the highest values of 
incident power and frequency that we could accomplish with our equipment. 
Figure 5.3. Left side shows RF at 80w vs bulk activity at the same temperature without 
RF field. Error bars represent standard deviation of four replicates. Right side shows 
control experiment with y axis representing activity increase over bulk in RF. Error bars 




Figure 5.3, left panel, illustrates the increase in observed thermolysin/NP activity 
by colorimetric assay that occurs under these RF conditions. Overall, we observe that 
the thermolsyin/NP conjugate activity is increased by 56  8% under the 80 W, 
17.76MHz RF irradiation when compared to a control reaction at the same solution 
temperature (as measured with a fiber optic (i.e., metal-free) temperature probe). Figure 
5.3, right panel shows the activity of each component of the thermolysin/NP conjugates 
(e.g., thermolsyin alone, NP alone) as well as the activity of thermolysin in the presence 
of unconjugated NP. Overall, we see a clear increase in activity of the enzyme relative 
to the controls. The measured maximum solution temperature in the RF fields was 
17oC, indicating that the increase in enzyme activity observed is a local effect, and does 
not extend to heating the bulk solution. Overall, we interpret this set of control 
experiments as validating that the observed increase in activity under RF is attributable 
primarily to local temperature increase around the nanoparticle that increases the 
effective operating temperature of covalently attached enzymes. 
 The data in figure 5.3 were all collected at 17C solution temperature, which is far 
from the optimal thermolysin temperature of 70C. By comparing the activity of 
thermolysin at various RF incident power values to the activity of thermolysin at various 
solution temperatures, we can propose effective ‘local’ temperature values for RF 




Figure 5.4. Plot of normalized activity of thermolysin as a function of temperature (black 
triangles) vs applied power (red circles). The zero point on the activity axis was set to 
the temperature of the solenoid without an RF field on.  
 
Figure 5.4 plots the activity of thermolysin as a function of solution temperature.  
We observe the expected Arrhenius relationship between temperature and enzyme rate 
(k), from 10C to 70C. At 80C, the enzyme rate decreases, which we attribute to 
partial thermal denaturation (Figure 5.4, black triangles).  We observe a strikingly similar 
relationship for activity as a function of incident power (Figure 5.4, red circles). At 80 W 
the in 17C solution temperature conjugates perform as if they are in ~16C warmer 
solution temperature.  
 
Figure 5.5. Double reciprocal plot of kinetics data, RF heated sample at 50W is in red 
circles (right), without RF at the same temperature is the black triangles (left). From the 





























 We further investigated the enzyme kinetics of RF irradiated thermolysin/NP 
conjugates with concurrent controls identical in experimental setup except for the RF 
irradiation.  Velocities were measured for various substrate concentrations. The results 
were analyzed with the Michaelis-Menten model of enzyme kinetics.33–36 Figure 5.5 
shows a double-reciprocal (e.g. Lineweaver-Burke plot, see appendix C6 pg 155).  
Analysis through equation 5.1 of this data produces the values for maximum enzyme 









                                        (5.1) 
These values are tabulated in Table 5.1.  Under RF irradiation, the Vmax of 
thermolsyin/NP conjugates increase relative to the same sample in the absence of RF.  
We rationalize this by considering that transition states will be more stable (higher 
thermal energy results in lower activation energy barriers which speeds any reaction 
up.37 More curiously, we observe a decrease in KM in radiofrequency fields.  This may 
be understood through an examination of the thermolysin mechanism.  Thermolysin 
most likely utilizes an induced fit mechanism of activity in which substrate molecules 
induces conformational changes in thermolysin that help it stabilize transition states.38  
Under typical heating conditions, global temperature increases the floppiness of the 
enzyme and substrate resulting in a smearing of states of the enzyme and substrate 










0.169 ± 0.059 0.109 ± 0.044 
Km (µM) 
48.0 ± 6.0 57.2 ± 6.8 
kcat (min-1) 
2.1*10-4 1.4*10-4 
Table 5.1. Summary of kinetics data for Michaelis Menten kinetics model.  
The decrease in KM (e.g., increase in substrate affinity) that occurs as a result of 
RF heating can be rationalized in terms of the enzymatic mechanism. Thermolysin 
active site structure is modified by the substrate – an induced fit.38,39  The substrate 
induced conformational changes in thermolysin structure stabilize the proteolytic 
transition state.  Higher temperatures increase the rate of conformational sampling that 
the enzyme does in making an induced fit.37,40,41  However, higher temperatures also 
increase the conformational sampling of the substrate, making induced fit less likely. In 
terms of the Michaelis-Menten model (equation 5.2), higher temperatures increase both 
k1 and k-1.  In bulk heating experiments KM is temperature independent because 
increased temperatures influence the forward and backward rates equally.  
                                      (5.2) 
In the radio frequency fields, the enzyme is closer to the heat source than the 
substrate.  Thus, the enzyme is sampling conformational space at a faster rate than the 
more rigid substrate.  We suggest that this situation of ‘hot enzyme, cold substrate’ 
allows for a more rapid induced fit the enzyme is being heated results in additional 
floppiness of the enzyme, allowing for an easier induced fit of the substrate molecule. 
This results in higher k1 because the substrate is docking with a floppier enzyme 
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(allowing for best confirmation more easily) and then lower k-1 because the substrate is 
held more firmly once its attached because of this same improvement in induced fit 
through enzyme floppiness.  
5.4 Conclusions 
 We have successfully shown that thermolysin can be remotely activated in 17.76 
MHz RF fields when covalently attached to magnetic nanoparticles. Without raising the 
bulk solution temperature, under RF irradiation we observed enzyme activity as if the 
solution was 16  2 C warmer, or an increase in enzymatic rate of 56  8%. Further 
studies will be performed with higher field strengths to maximize the level of activation in 
RF fields.  A preliminary investigation of the kinetics in and outside of the RF fields 
showed an increase in activity consistent with a hot enzyme interacting with a cold 
substrate. Our approach for remote control of enzyme activity seems to be universally 
applicable to any enzyme that has an induced fit mechanism of activity, but more 
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APPENDIX A: SUPPLEMENTAL TO CHAPTER 3 
A.1 Buffer Conditions for CE and RF heating: 
Table A.S1. Buffer information for capillary electrophoresis and radiofrequency heating 
experiments 
pH Acid (10 mM) Tris [mM] ionic strength conductivity 
3 citric 3.3 4.523 5.88*10-2 S/m 
5 glutamic 8.4 8.358 4.10*10-2 S/m 
7 HEPES 2.7 2.501 1.20*10-2 S/m 
9 CHES 21 2.319 1.16*10-2 S/m 
*These conductivities, ionic strength and amounts were all calculated using the program peak master.  
 
Table A.S2. Glutathione pka based on acid base properties (free glutathione data used 
for this): 
    pH 3 pH 5 pH 7 pH 9 pKa 
Charge per cluster COO- 1 18 18 18 18 2.12 
  COO- 2 4.626 18 18 18 3.59 
  NH4+ 18 17.996 17.680 0 8.75 
  total 4.626 18.003 18.320 36  
 
A.2 Ferguson analysis: 
Mobility of Au25(SG)18 in 1x TBE (pH is 8.3) was determined with gel 
electrophoresis by measuring the distance the band traveled (retention factor) as a 
function of gel percentage. To get a precise measurement of the distance image J was 
used and calibrated to the size of the get mobilities from the start of the well to the 
darkest part of the band (corresponding to the most cluster). The linear fit of the cluster 
was then used to extrapolate the free mobility of the clusters. The mobility measured by 





Figure A.S1. Ferguson plot of gel mobilities 
 
From line fit log(M) = log(m0) -kT 
Mobility for Au25(SG)18 is 10-3.6682= 0.000215 ± 0.000009 in cm2/(Vs) (error in intercept is 
0.0180) 
Capillary electrophoresis gives mobility of 3.86*10-4 for Au25 at pH 8 and 3.91*10-4 at 
pH 8.5 The higher mobility in the gel can be attributed to the increased ionic strength of 







Table A.S3. Analysis of Ferguson Plot 
y = -0.0437x - 3.6682
R² = 0.9985





























   Distances measured in imagej 
bottom well (Pixel) 14 8 14.7 12.4 
band (most intense) 
(pixel) 437 267 374.8 277.4 
bottom gel (pixel) 719 723 730.4 720 
bottom/bottom dist 
(pixel) 705 715 715.7 707.6 
pixles/cm 115.57377 117.213115 117.327869 116 
distance band (cm) 
 
3.78±0.15 2.27±0.15 3.19±0.15 2.39±0.15 
 time (s) 3600 3600 6300 6300 
cm/s 0.00105032 0.00063275 0.00050706 0.00037958 
























Gel pictures used to calculate mobilities shown above are seen below: The first two 





Figure A.S2. Gel images used for Furgeson analysis, a) is 10% gel b) is15% c) is 







A.3 DLS of Au25(SG)18 
Figure A.S3. Intensity DLS results for Au25(GS)18 in pH 5 buffer 
By intensity there appears to be something larger in solution as well as the clusters, 
which at first seemed to be aggregates, but the particles are centrifuged for 40 mins at 
max speed and filtered before DLS to ensure no aggregates.  
Figure A.S4. volume DLS results for Au25(GS)18 in pH 5 buffer 
Looking at this in terms of volume or mass shows a relatively monodisperse 
sample with an average hydrodynamic radius of 1.65 nm with no evidence of the larger 
peak seen in the intensity plot. If it were an aggregate the size distribution by volume 
would be very much skewed towards the larger species. This appears to be an artifact 
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and has been observed previously by another group performing DLS on similarly sized 
clusters.1   
A.4 Calculated heating rates: 
Calculating water soluble glutathione cluster heating rate using percent of acid 
deionization based on electrophoretic mobility 
Figure A.S5. Calculated heating rates of glutathione protected cluster using 
electrophoretic mobility and Sassaroli model of heating, error bars are shown for 
triplicate measurements 
 
Comparison of normalized calculated heating rate to measured: note they are 
normalized to the highest calculated and measured value separately. The same radii 
are assumed for all pH values.  
A.5 Capillary electrophoresis data, raw:  
Capillary electrophoresis experiments were performed and an HP 61600AX 
3DCE, using a 50 μm, 33 cm (24.5cm to the window) fused silica capillary treated with 
NaOH. It was run with positive polarity with an applied voltage of 15 kV and the 








pH3 pH5 pH7 pH9




and 280 nm was collected using chemstation software Rev A.08.03. Caffeine was used 
as a neutral electro osmotic flow indicator. Raw data from the absorbance at 280nm can 
be seen below. Data was then converted to the mobility domain to better visualize the 



















A.6 Combined CE data in mobility domain: 
Figure A.S7. Combined electrophoresis data plotted in mobility domain, with grey trace 







A.7 Radiofrequency heating experiments: 
2mL Samples were contained in 10mm NMR tube. They were heated in a 
custom constructed water cooled hollow copper solenoid powered by a 100W amplifier 
(ifi scx100) and a function generator (Philips PM5192) set to generate a sinusoidal 
current at 13.56 MHz. An impedance matching network was used and forward voltage 
from the amplifier was monitored and set at 50W. The temperature of the bullk solution 










































































Figure A.S8. Measured heating rates of background buffers and particle solutions  
A.8 Concentration study 
Figure A.S9. Average heating rates for different concentrations of Au25(GS)18, error 






































































































A.9 Experimental Section 
Particle synthesis: Au25(PET)18 particles were synthesized in the various charge 
states, exactly as previously reported.2 UV-vis spectra for each cluster after purification 
is seen in figure A.S10. Au25(GS)18 was synthesized as previously report.3 Fractional 
precipitation was used to clean up the particles prior to purification by PAGE. This 
allowed more material to be loaded on each gel.   
Ferguson analysis: Mobility of Au25(SG)18 in 1x TBE (pH is 8.3) was determined with 
gel electrophoresis by measuring the distance the band traveled (retention factor) as a 
function of gel percentage. To get a precise measurement of the distance image J was 
used and calibrated to the size of the get mobilities from the start of the well to the 
darkest part of the band (corresponding to the most cluster). The linear fit of the cluster 
was then used to extrapolate the free mobility of the clusters. The mobility measured by 
gel is in good agreement with the mobility found using capillary electrophoresis.   
Capillary electrophoresis: experiments were performed and an HP 61600AX 3DCE, 
using a 50 μm, 33 cm (24.5 cm to the window) fused silica capillary treated with NaOH. 
It was run with positive polarity with an applied voltage of 15 kV and the temperature of 
the capillary was held constant at 25oC. Uv-vis absorption at 214, 254 and 280 nm was 
collected using chemstation software Rev A.08.03. Caffeine was used as a neutral 
electro osmotic flow indicator. Raw data from the absorbance at 280nm can be seen 
below bellow. Data was then converted to the mobility domain to better visualize the 





Radiofrequency heating experiments: 
 2 mL samples were contained in 10 mm NMR tube. They were heated in a 
custom constructed water cooled hollow copper solenoid powered by a 100W amplifier 
(ifi scx100) and a function generator (Philips PM5192) set to generate a sinusoidal 
current at 13.56 MHz. An impedance matching network was used and forward voltage 
from the amplifier was monitored and set at 50W. The temperature of the bulk solution 
was measure with a fiber optic temperature probe (Neoptix Nomad).  
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APPENDIX B: SUPPLEMENTAL TO CHAPTER 4 
B.1 uv-Vis Spectra for decomposition study 
UV/Vis spectra were collected on an HP 8452A Diode Array Spectrophotometer, 
a ThermoFisher NanoDrop spectrophotometer in all other cases. Data were analyzed 
using Microsoft Excel. 




































B.2 Linear fits of rate laws to the absorbance data  
Concentration was calculated using the molar absorptivity of 8800 cm-1M-1 at 
680nm. This concentration data was then fit to integrated rate laws using Microsoft 
Excel and the best fits were chosen to report the reactant order of gold for that set of 










       
 






B.4 Summary of reactant order determination 






k  [A]0 (M) 
Half 
life (h) 
PET  air 0 Acetone 1st 0.0942 8E-06 7.36 
PET  air 0 CHCl3 0th 
1.254E-
07 1.8E-05 69.9 
PET  air 0 DCM 0th 6.04E-08 1.4E-05 114.5 
PET  air 0 THF 0th 1.27E-07 2.7E-05 107.8 
PET  air 0 Toluene 0th 2.83E-08 2.2E-05 384.4 
Ethanethiol Ar 0 DCM 0th 
1.0071E-
07 2E-05 97.4 
hexanethiol Ar 0 DCM 0th 
6.1005E-
08 2.6E-05 210.3 
octanethiol Ar 0 DCM 0th 
3.5574E-
08 1.8E-05 246.5 
dodecanethiol Ar 0 DCM 0th 
2.4053E-
08 1.4E-05 297.6 
PET Ar 0 DCM 0th 4.20E-08 
3.33E-
05 396.7 
hexanethiol Ar -1 DCM 0th 
1.1223E-
07 2.5E-05 110.6 
PET Ar -1 DCM 0th 3.42E-08 3.5E-05 511.8 
PET air -1 Acetone 1st 0.0147 1.6E-05 47.2 
PET air -1 CHCl3 0th 9.96E-08 1.6E-05 81.5 
PET air -1 DCM 0th 1.48E-07 1.9E-05 63.2 
PET air -1 MeCN 1st 0.0591 1.7E-05 11.7 
PET air -1 
THF 
stab 0th 2.14E-08 1.6E-05 365.6 
PET air -1 Toluene 0th 7.48E-08 1.3E-05 86.6 
 
B.5 Differential Scanning calorimetry data 
All differential calorimetry scanning measurements (DSC) were taken using TA 
Instrument’s 2920 modulated DSC. All products were re-dissolved in a minimal amount 
of DCM and then deposited into an aluminum hermetic DSC pan and allowed to air dry 
in order to achieve uniform coverage of the pan. Once the products were dry enough to 
stick to the DSC pan they were put under vacuum for 10 min to ensure the complete 







APPENDIX C: SUPPLEMENTAL TO CHAPTER 5  
C.1 Synthesis of particles: 
C.1.1 Magnetite Fe3O4 Core synthesis procedure 
Magnetite cores were synthesized by thermal decomposition in diphenyl ether 
following a published method.1 Briefly, in a 100 mL 3 neck round bottom flask; 10 mmol 
1,2 hexadecane diol and 2 mmol iron (III) acytlacetonate was mixed in 20 mL of 
diphenyl ether. The solution was then purged and flushed with argon. Then 6 mmol 
oleylamine (90%) and 6 mmol oleic acid was added via syringe. The solution was then 
heated to 200oC for 30 minutes to boil off impurities. Then it was heated to 265oC and 
refluxed for 1 hour then cooled to 30oC, and transferred into storage containers.  
Figure C.S1. TEM of iron oxide cores, particle size measure by hand in imageJ. 
Average particle size is 4.5 nm diameter with standard deviation of 0.3 nm. TEM images 
were taken on a JEOL JEM-1400 Transmission Electron Microscope with an 




C.1.2 Gold Coating Procedure 
The magnetite cores were coated using another published procedure.2 Briefly, 5 
mL of the magnetite cores solution from above, without any rinsing or work up was 
added to a 100 mL, 2 neck, round bottom flask. To that solution, 1.1 mmol gold (III) 
acetate, 6 mmol of 1,2-hexadecanediol, 0.75 mmol oleic acid and 3 mmol oleylamine 
was added in 15 mL diphenyl ether. This solution was stirred vigorously at 35oC while 
purging with argon for 20 minutes. Under argon and vigorous stirring the solution was 
then it was heated to 185oC and held at that temperature 1.5 hours. To avoid the 
freezing of the solvent the solution was then cooled down to 35oC and transferred to 
scintillation vials. The particles were cleaned up by rinsing 3x with 1:1 mixture of 
hexanes and ethanol. To facilitate faster precipitation a neodymium magnet was placed 
at the bottom of the scintillation vial. In some cases, it was possible to rinse the particles 
too much, which could be remedied by adding a small amount of oleylamine back into 




Figure C.S2. TEM of gold coated particles, average particle size is 6.1 nm diameter, 
standard deviation 2.3nm, particle count 4152. Particle size analyzed with imageJ. 
 
C.1.3 Phase Transfer 
To phase transfer the particles a novel two step procedure was used; first an 
initial exchange and phase transfer from oleylamine coating to 3-mercaptopropanoic 
acid (3-MPA). Then an exchange of 3-MPA for 11-mercaptoundecanoic acid (11-MUA) 
to increase solubility in water and biological relevant buffers. In a 20 mL scintillation vial, 
2 mL of 17 mg/mL particle solution in heptanes was added with 10 mL of heptanes 5mL 
of 3-MPA. This is then vortexed overnight. Some phase transfer occurs into the thiol 
layer almost immediately, but complete exchange was achieved hours later. The 
particles were then precipitated and washed with 5 mL acetone 3x, until no 3-MPA smell 
could be detected. The particle pellet was then suspended in 1.5 mL 75 mM 
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tetramethylammonium hydroxide (TMAOH) solution to give a red solution. The alkalinity 
and the large counter ion (allowing for larger interparticle separation distance) of the 
TMAOH solution allowed for incredibly stable suspension of the particles.3  
To improve the stability of the particles in a wide range of solutions the 3-MPA 
ligands were further exchanged for longer 11-MUA ligands. To the 1.5 mL batch of 
phase transferred particles, 3.4 mg of 11-MUA was added and the mixture was 
sonicated for 20 minutes to facilitate dissolution of the 11-MUA. The mixture was then 
vortexed for 4 hours at room temp. The particles were then centrifugally precipitated 
using acetone and rinsed 3x with a 1:1 mixture of acetone to 75 mM TMAOH. Then the 
particles were resuspended in the working buffer for the thermolysin assay, and 
exhibited a red solution color characteristic of plasmonic gold nanoparticles < 200nm in 
diameter.  
C.2 Conjugation 
A novel conjugation procedure was developed to get around the incompatibility of 
the solubility of the nanoparticles and thermolysin, which is soluble in high ionic strength 
solutions.  To desalt the thermolysin, which is shipped by sigma Aldrich 20% salt by 
mass because cations are responsible for the remarkable thermal stability of 
thermolysin, 15 mg was suspended into 3 mL pH 7.5, 50 mM phosphate buffer. This 
solution was rinsed placed on a rocker for 20 minutes, following by centrifugal 
precipitation of the enzyme at 4oC, 4000 rpm for 20 minutes. Then 10 mg of lyophilized 
and thoroughly rinsed Fe3O4@Au NP were dissolved in 3 mL fresh 50 mM pH 6.8 
phosphate buffer. The particles were sonicated for ~ 10 minutes until they were clearly 
in solution. Then 10 mg of HATU was added to the nanoparticle solution and sonicated 
138 
 
for 20 minutes. Note the HATU is poorly soluble in water and forms a poor suspension. 
After sonication, which activates the carboxylic acid groups on the ligands the solution 
was diluted with 6 mL of pH 6.8, 50 mM phosphate buffer. This was added directly to 
the washed thermolysin pellet. This was mixed by inversion in hand and then put in a 
vortexer for 3 hours at 4oC. The conjugates were then precipitated via centrifuge, rinsed 
2x and then resuspended in 10 mL of pH 7.5, 50 mM phosphate buffer. No enzymatic 
activity was detected in the second rinsing, indicating very little if any free thermolysin. 
Besides testing the activity of the conjugates, a SDS PAGE was used to confirm 
conjugation. 
C.2.1 SDS PAGE of conjugates 
A precast BioRad 4-15% gradient gel (product #4561083) was used to confirm a 
mobility shift in conjugated nanoparticles and thermolysin vs free nanoparticles and 
thermolysin. Samples were incubated in NewEngland BioLabs purple gel loading dye 
with SDS (product #B7024S) at 95oC for 5 minutes in order to thoroughly denature the 
enzyme.  
Figure C.S3. SDS page gel (biorad precast gradient gel 4-15%) of 1) free 
nanoparticles, 2) NP thermolysin conjugates, 3) free thermolysin before (left side) and 
after (right side) staining with Coomassie brilliant blue protein stain. The large mobility 
shift of from the free particles in lane 1 to the conjugated particles in lane 2 confirms the 
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size increase expected with a layer of thermolysin conjugated to it. Note there is also 
very little to no free thermolysin left over in the conjugates after a thorough rinsing.  
 
C.2.2 Ratio of thermolysin to particles in conjugation 
Thermolysin from SigmaAldrich is 70% thermolysin by weight, with the rest of the 
weight being salt, specifically the Ca2+ and Zn2+ cations necessary for catalytic activity. I 
used 15.1 mg for the conjugation so really there is 10.5 mg of thermolysin. The 
molecular weight of thermolysin is 34.6 kDa, so the 10.5mg is 3.03*10-7 moles or 
1.8*1017 thermolysin enzymes. 
For the particles I used 10mg of 4.5 nm (TEM/core) diameter particles, since the 
particles are spherical core volume of the particle is So (2.25*10-7 cm)3 * (4/3) *Pi = 4.8 
*10-20  cm3. From synthesis paper2 shell is ~1 nm thick with ratio of Au:Fe weight ratio of 
71:29. 
For magnetite the unit cell parameter a*b*c=8.39 angst,4 so unit cell volume is 
5.90*10-24 cm3, and there are 8 Fe3O4 in each cell so volume per unit cell 73.8*10-24 cm3 
with 24 Fe and 32 O weight per unit cell is 307.6*10-21 g. Weight of iron per unit cell is 
2.3*10-21 g. From my particle size and unit cell size there are 646 unit cells per particle 
thus 1.41*10-16 g/particle. And weight of Fe per particle is 646*2.3*10-21 = 1.48*10-18g. 
So using weight of gold per particle is (1.07*10-18g)*(71/29)= 3.62*10-18g Au per particle 
Surface coverage of 11-MUA 5.70 nm-2 which is 5.7 *1014 cm-2.5 Surface area of 
6.1 nm particle 4*Pi*(3.05 nm)2= 78.53 nm2. Thus, there are 5.7*78.53= 448 MUA per 
particle (218.36 g/mol). The weight of 11-MUA 218.36 *6.02*1023=3.62*10-22 g per 1 
MUA ligand. For each particle there are 3.62*10-22 *448= 2.9*10-19 g MUA so in total 
2.9*10-19 g MUA + 3.62*10-18 g Au + 1.99*10-16 g Fe3O4 = 2.03*10-16 g per particle. So, 
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for 10 mg of particles there are have 0.010g /2.03*10-16 = 4.9*1013 particles. So the ratio 
I used in conjugation: 1.8*1017 thermolysin / 4.9*1013 particles = 3670:1 tln:particle. 
C.2.3 Ratio of thermolysin to particles after conjugation and rinsing 
Using the molar mass of the particles determined above, a molar absorptivity for the 
particles was determined using the plasmon absorption peak at 540 nm.   
Figure C.S4. Standard cure of particle concentration vs UV-vis absorbance at 540 nm  
The absorbance from conjugate sample is 0.139 at 540 nm, using the linear fit 
this corresponds to a concentration of 1.7*10-9 M. 
The conjugates were then etched with 0.5 M NaCN, for ~15 minutes until red 
plasmon peak was no longer visible in uv-Vis. Then a Bradford assay was performed to 
determine the concentration of thermolysin. First, standard solution of known 
thermolysin concentrations were made, and then reacted with 0.5 mL Bradford reagent 
(Sigma Aldrich catalog # B6916) for 5 minutes. At that point the uv-VIS absorption was 
measured at 595 nm. The cyanide etched conjugate sample was then reacted with 0.5 
mL Bradford reagent and using the standard curve the absorbance was converted to a 
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concentration of 0.048 mg/mL of thermolysin or 7.9*10-7 M. This gives a ratio of 333 mol 
of TLN:1 mol of nanoparticles.  
Figure C.S5. Bradford assay standard curve of absorbance at 595 nm vs concentration 
of thermolysin. This was used to determine concentration of thermolysin in conjugates.  
 
C.3 Enzyme assays:  
C.3.1Thermolysin activity assay and bulk heating experiments  
The assay was based on the commercially available Pierce™ Colorimetric 
Protease Assay Kit (catalog # 23263) optimized for the specific enzyme conjugates and 
substrate. Aliquots (for 0,1,2,3 minute time points) of 50 μL of 4 mg/mL succinylated 
casein in 50 mM pH 7.5 50 mM phosphate buffer were pre-‘heated’ at 17.7oC (or 
different temperature for the temperature studies) in a thermocycler for ~10 minutes 
along with a buffer blank. Then 5 μL of thermolysin conjugates were added and the 
samples were heated for 0, 1, 2 and 3 minute time points. To stop the reaction 10 μL of 
0.5 M EDTA was added to chelate the catalytic zinc and structural calcium ion, 
denaturing thermolysin. Then after allowing the reaction to cool back down to room 
temperature for 5 minutes 25 μL of colorimetric reagent, TNBSA was added. The 
samples were then incubated at room temperature for 20 minutes, and using the 
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pedestal on a NanoDrop uv-Vis spectrometer the absorbance was measured at 430 nm 
to monitor f ormation of the orange product that forms when primary amines react with 





Figure C.S6. Reaction scheme for TNBSA with digested fragments  
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Figure C.S7. Bulk heating in absence of RF field at 17.7oC, average slope of 4 trails 
(activity) was 0.02 with a standard deviation of 0.0014. 
Figure C.S8. Assay results for temperature study. Bulk heating conjugates at 10oC 
(blue), 20oC (orange), 30oC (grey), 40oC (yellow), 50oC (maroon), 60oC (green), 70oC 








Figure C.S9. Summary of slopes obtained from bulk heating experiments in figure C.8. 
C.4 Radiofrequency heating assays 
 The exact same assay procedure was used for the RF heating experiments so 
that they were comparable. The fields were generated using a homemade water-cooled 
solenoid, shown in figure 5. It was powered by a Philips PM5192 function generator to 
input a 17.76 MHz sinusoidal signal into a IFI scx100 power amplifier. An impedance 
matching box was used to tune the reflected power to zero, new tunings were required 
for changes in frequency and applied power. The bulk solution temperature was 
monitored with a Neoptix Nomad fiber optic temperature probe and then the conjugates 
were pre- heated in a thermocycler as described above to the same temperature, and 








Figure C.S10. RF Heating at 80W, average slope of 4 trials (activity) is 0.046 with a 
standard deviation of 0.0019 
Figure C.S11. Activity assay of RF power study to determine activity as a function of 
power. Here yellow is 20W with a slope of 0.036, grey is 35W with a slope of 0.041, 






Figure C.S12. Plot of activity in RF vs applied power from the data in figure above. 
Velocity units are (min-1). 
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Figure C.S13. Combined bulk at 17.7oC vs RF heating at same temperature but in an 
80W RF field. Error bars represent measurements in quadruplicate. 
Figure C.S14. Bar graph showing slopes and error bars for RF heating at 80W vs bulk 
heating at the same temperature in absence of RF field. An increase of activity of 56 ± 8 
% is observed for the quadruplicate trials.  
 
C.5 Bulk temperature measurements in RF field 
To determine the temperature to compare RF heating trials to bulk heating trials 
the bulk solution temperature of the reaction mixture had to be measured. This is not 
something that can be done with a normal thermometer, due to the small volume sizes 
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(0.5 mL) or a thermocouple, because the thermocouple interacts with the field and heats 
itself. Instead we must use a fiberoptic temperature probe, in this case it’s a Neoptix 
Nomad fiber optic temperature probe. 
Figure C.S15. Temperature measurement of 80 W RF sample over 3 minutes. The 
water cooling system kept the samples at essentially the same temperature for all runs. 
The 80 W heated the coil the most so its temperature was used for the temperature of 
all the bulk heating experiments (17.7oC).  
 
C.6 Enzyme Kinetics measurements: 
The same enzyme assay was used for kinetics experiments, but the substrate 
concentration was varied so that the Michaelis Menten kinetics model could be used to 
investigate differences in RF fields vs the absence of RF fields. The assumption for this 
kinetics model is that the catalysis happens in two distinct steps, substrate binding and 
catalysis. 
Figure C.S16. Simplified reaction scheme for enzyme catalysis used in Michaelis 
Menten enzyme kinetics model. 
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Equation C.S1. Linear fit equation to find kinetic parameters Vmax (maximum velocity 
when saturated with substrate) and Km (Michaelis constatnt). From this information kcat 
can be calculated.   
Equation C.S2. Equation for definition of Km. 

















Figure C.S17. Bulk ‘heating’ at 17*C absorbance measurements of for activity of 
thermolysin at substrate concentrations of 0.2 (yellow), 0.5 (grey), 2 (orange) and 4 
mg/mL (blue). 
Figure C.S18. RF at 50W absorbance measurements of for activity of thermolysin at 
substrate concentrations of 0.2 (yellow), 0.5 (grey), 2 (orange) and 4 mg/mL (blue) 
  
Once the velocities were found, from the slopes of the lines shown in the figures 
above, these were converted from units of min-1 to M product produced per min using 




Figure C.S19. Results of velocity vs substrate concentration for bulk heating 
experiments at 17oC. 
Figure C.S20. Results of velocity vs substrate concentration for RF heating 




Figure C.S21. Double reciprocal (Lineweaver-Burk) plot of velocity vs substrate from 
above for thermolysin conjugates in absence of RF field. The slope and intercept were 
used to determine Km and Vmax. 
 
Figure C.S22. Double reciprocal (Lineweaver-Burk) plot of velocity vs substrate from 
above for thermolysin conjugates in 50W RF field. The slope and intercept were used to 






Figure C.S23. Assay results from average of three control experiments in 80W RF field, 
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